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ABSTRACT
The level structure of

1ftli 1
1OQ
W,
Os, and
Os has "been investigated

through the radioactive decay of the rhenium isotopes l8l*Re, l86Re, and
188
Re.

The primary objective of this study was to determine the

•

applicability of the perturbative band-mixing model to these transi-.
tional nuclei.

To this end, high resolution Ge(Li) and Si(Li) detectors*

used in conjunction with a ^096 channel analyzer interfaced to a
minicomputer, have been used to accurately measure gamma-ray and con
version electron energies and intensities accompanying the decay of the
rhenium isotopes.

The non-linearity of the gamma-ray spectrometer

system was calibrated to optimize the accuracy of energy measurements.
This enabled energy determinations of the prominent gamma rays to
within Uo eV when measured relative to a set of precise energy
standards.

A Ge(Li) detector with a calibrated absolute photopeak

efficiency curve was used to measure gamma-ray intensities.

The Si(Li)

detector was used to obtain conversion electron intensities.
For

l8V

a level scheme consisting of lU levels has been

proposed in which 35 transitions have been placed.

These transitions

were observed in gamma-ray and conversion electron spectra of the two
■^Re isomers j the 165 day isomeric state, ^8H e , and the 38 day
ground state, ^8^®Re. A computer controlled gamma-gamma coincidence
experiment using two Ge(Li) detectors was used to verify the level
scheme.

Gamma-ray and conversion electron intensities were used to

compute experimental internal conversion coefficients of the
xi

transitions.

Log ft values, reduced transition probability ratios

and inertial parameters were used to identify the K=2 and K=0
quadrupole vibrational bands as well as the 1^=2“ octupole vibrational
band.

The reduced transition probability ratios of the E2 components

of gamma-ray transitions from the K=2 and K=0 bands were used to compute
band-mixing parameters in terms of the perturbative band-mixing theory.
It was shown that the band-mixing analysis is not adequate for this
nucleus, even if mixing between the K=2 and K=0 quadrupole vibrational
bands are taken into account.
-IQ/f
-iQQ
The level scheme for
Os and
Os was established from
investigations of the gamma-ray spectra following the beta decays of
"^Re and l88Re respectively.

The level scheme proposed for "^^Os

consisted of U levels in which three observed transitions were placed.
For

188
Os, 26 of 28 observed gamma-ray transitions were placed in the

level scheme consisting of 15 levels.

Spin and parity assignments for

the levels were made on the basis of log ft values, transition multi
polarities, and reduced transition probability ratios.
The band-mixing parameters of the band head of the K=2 quadrupole
1 All
t A£
TAA
vibrational band in
W,
Os, and
Os were compared and it is shown
that the results are consistent with the nonapplicability of the bandmixing approach to these transitional nuclei.

xii

CHAPTER I
INTRODUCTION
The low energy (< 2.5 MeV) excitations of even-even nuclei in
the deformed mass region (150 S. A £ 190 and A £ 220) have been the
subject of many experimental investigations in the past 15 years.

The

introduction of semiconductor detectors and large multichannel
analyzers has greatly enhanced the capability and speed of obtaining
accurate measurements of transition energies and intensities between
nuclear states, thereby permitting the determination of the detailed
level scheme of these nuclei.

In general, these low energy excitations

are successfully interpreted as rotational excitations superimposed on
vibrational (quadrupole and octupole) states and/or intrinsic states.
The rotational and vibrational excitations are the result of
collective behavior of the constituent nucleons.
The theories put forth to explain these observed nuclear
properties can be divided into two broad classes.

One class, denoted

as phenomenological, relates the nucleus to a physically identifiable
entity such as spinning top or a drop of liquid. Of this class, the
*1 Q
unified model
has evolved as the one which bests fits the available
experimental data.

The other class of theories, denoted as microscopic,

are developed by postulating the basic nucleon-nudeon interaction.
Baranger and Kumar.^”® have presented a rather interesting extensive
treatment in this area recently.
Those low energy excitations of the even-even deformed nuclei

1

2

interpretable as rotational bands superimposed on K=0 and K=2
quadrupole vibrations (0- and y-vibrations) have attracted considerable
attention in the past 5 years.

The observed rates of interband electric

quadrupole (E2) transitions differ from those postulated in the
0 10

original theory of Bohr and Mottelson7*

which treated the nucleus

as a rigid rotor and thereby did not include any coupling of the
different rotational bands.

To account for the transition rate

discrepancies, perturbational couplings of the vibrational bands and
11-13
the ground state rotational band have been postulated.
These
couplings are expressed mathematically as band-mixing parameters.
However experimental verification of this approach has had only limited
success.

Additionally, the multipolarities of the interband transitions

of various nuclei in the deformed mass region have been investigated
to determine if there might be substantial magnetic dipole (Ml)
admixtures in the predominantly E2 transitions, which could reduce or
completely remove the above mentioned discrepancies.
It is important to establish definite conclusions concerning the
applicability of the perturbative band-mixing approach as well as the
true electromagnetic nature of the interband transitions.

To do this,

it is imperative that the band structure and related transitions of
nuclei in the transitional region be investigated.

This waB a major

impetus for this study of the band structure of the nuclei
“^ O b ,
188
l8U
186
l88
and
Os from the radioactive decays of
Re,
Re, and
Re
respectively.

The band structure of

l8U
W was especially interesting

because of the presence of both a K=2 and a K=0 vibrational band.

3

The coupling between these two bonds was Investigated as well as their
coupling with the ground state rotational band.
In addition to these aspects, a rather detailed investigation of
other aspects of the

18U
W level scheme was pursued from the study of

the electron capture decay of

l8k
18U
Re. The
Re activity used in this

study contained a combination of the 165 day isomeric state, *L®^mRe,
with a spin of 8+ and the 38 day ground state,

with a spin of

3“. Because of the wide difference of the spin states of the two
isomers, it was possible to populate a wide range of spin states below
18U
1.8 MeV in
W. Also, the difference in the half lives of thetwo
isomers aided in the determination of the decay scheme because
gamma-ray transitions could be associated with various levels of I8\j
on the basis of the half lives of the transitions.
Chapter II contains discussions of the theoretical models of the
nucleus of interest in this investigation.

A discussion of the

instrumentation used in this investigation is presented in Chapter III.
The experimental procedures are described in Chapter IV.
V contains discussions of the results of the

Chapter

18U
Re decay studies,

including the decay scheme established, while Chapter VI discuss the
same points for the decays of

l86
188
Re and
Re.

Chapter VII is devoted to a discussion of band mixing in
■^Os, and "^Os.

18U
W,

In addition, a summary of conclusions resulting

from the present study is presented.

m

CHAPTER II
COLLECTIVE NUCLEAR THEORY
A. Introduction
Several even-even nuclei in the deformed mass region were the
subject of this experimental investigation.

This chapter is devoted to

a brief discussion of several theoretical nuclear models which are
applicable to this type of nuclei.

In both the experimental investi

gation and this discussion which follows, the main emphasis is directed
towards those excitations resulting from the collective behavior of
the constituent nucleons.
Even-even nuclei in the deformed mass region exhibit several unique
characteristics which any successful nuclear model must be able to
explain.

Among these are l) low energy excitations generally inter

pretable as collective vibrations or rotations of the whole nucleus,
2) large electric quadrupole moments, 3) E2 transition strengths from
collective quadrupole excitations which are 100 times over that of
single particle estimates and U) an energy gap which is relatively high
in excitation energy at which an appreciable density of excited levels
starts.

There are both positive and negative parity collective

excitations which have been observed.

Basically there are two approaches

from which to postulate theories which describe these observed nuclear
properties.

One method is to treat the constituent nucleons of the

nucleus essentially as an entity, but allowing for motion of individual
nucleons which may interact with the "entity".

Many such theories have

5

been advanced, however this discussion will be limited to the unified
model^»^.

This model is chosen because of its relative simplicity and

reality or ability to at least qualitatively explain observed nuclear
properties.

Section B is dedicated to a discussion of this model.

Within this model, only quadrupole deformations of the nucleus are
considered because of the predominance of positive parity collective
excitations in the deformed mass region.

However there is experimental

evidence of collective excitations attributable to octupole deformations.
Therefore such deformations will be considered in section C.
An alternative approach to theoretical treatments of the nucleus is
to consider all its constituent nucleons and their interactions,
sometimes referred to as the microscopic approach.

To do this one must

begin by postulating the basic nucleon-nucleon force about which very
little is known.

Although various approaches of this type have been

taken, they have thus far met with only limited success. These theories
by their nature tend to become very complex mathematically thus making it
more laborious to obtain parameters which are experimentally observable
so that quantitative comparisons can be made.

In section C, several

microscopic approaches will be briefly discussed.
B.
1.

Unified Model

Basic Aspects

The unified nuclear model as developed by Nilsson'1' and Nilsson and
p
Mottelson represents an amalgamation of the basic collective models of
Bohr and Mottelson^*'1'0 and the shell model

jn this mo^ei the

nucleons are assumed to move in an approximately independent way in a

6
common nuclear potential and collective excitations are considered as
variations of the shape and orientation of the nucleus as a whole. If
g
the strong coupling limit of Bohir is invoked the common nuclear poten
tial becomes non-spherical, but symmetric, due to the strong coupling
of the.particle motion to the nuclear surface.
will be limited to this approximation.

The present discussion

Furthermore, the assumption of

adiabaticity is made under this approximation.

This implies that the

nuclear potential changes slowly enough with time so that an individual
particle (nucleon) can continuously "readjust" its wave function to the
nuclear potential without changing "state".

This allows the separation

of the individual particle motion from the collective nuclear motion.
Any non-adiabatic interaction can be treated by perturbational methods.
Therefore, the wave function of the system may be written as
V(system) = $(collective coordinates) x ( intrinsic '-coordinates)

(2.1)

Although the assumption of adiabaticity will be made here, it should be
noted that there are theoretical treatments which incorporate depar
tures from adiabaticity.

The methods used include considering an

asymmetric nuclear shape

"

, considering the coupling of intrinsic

19
and collective motion , and, within the collective modes of motion,
considering the coupling of rotational and vibrational motion20 *21 .
Collective Modes of Motion
In this section the main features of the collective modes of motion
(rotations and vibrations) as described by the unified model shall be
presented.

The nuclear surface can be represented by the expansion

7

R(e',V) = Ro fr + £ «Au

(2*2)

: Xy

where R(0* »<})f) is the nuclear surface in polar coordinates as viewed
from the space fired reference frame, R0 is the radius of the nucleus in
a spherical equilibrium state (no deformation), Y. (8*,<f>*) is a
A]X

normalized spherical harmonic of order Xy, and a
are coordinates
Aji
which describe the amplitude of deformation. The X-l term corresponds
to a displacement of the spherical surface perpendicular to the z» axis,
whereas the X=2 and X=3 terms represent quadrupole and octupole
deformations of the surface.

Schematic representations of these

deformations are presented in figure 2.1.

As mentioned earlier, the

present discussion will be limited to quadrupole vibrations.

The

octupole deformations will be discussed in section C.
If only quadrupole deformations of the nuclear surface are con
sidered, the potential energy (Vs) and kinetic energy (Ts) of these
displacements are given1® by

VB

= w

Ts = &

eK
y

u I2

(2.3a)

S|a2y|2

(2.3b)

y

where C is the surface tension and B is the mass parameter.

These

quantities depend on the detailed properties of the nucleus.
It is convenient when calculating properties of the non-spherical
nuclei to use a coordinate system fixed to the nucleus.

The deformation

coordinates av in the body fixed system can be related to the parameters
in the space fixed system by

8

Z

(SPACE - FIXED AXIS)

equillibrium position

A

\

A =2
Figure 2.1.

A= 3

A=4

A schematic representation of nuclear deformations
for A ® 1 to U.

where the normalized transformation functions D”v defined in reference
22 describetherotation
*Euler angles fl^,

of the deformation coordinates through the

0g, and 0^.

These angles describe the orientation of

the body-fixed system with respect to the space-fixed system.

If the

body-fixed coordinate system is chosen so that its axes coincide with
the principal axes of the ellipsoid then
aQ 1 o; a2 = a_2 5* 0; a-L = a ^ = 0

(2.5)

In the interest of obtaining parameters of more physical significance,
Bohr^ introduced two parameters, 3 and y, which can be defined in terms
of

a20 =P cos y
a22 = a2-2 =

(2.6a)
6 sin Y

(2.6b)

The coordinate B is a measure of the total deformation of the nucleus
from sphericity while y is a shape parameter describing the deviation
from axial symmetry.

Only two values of y are possible when the

ellipsiod has a symmetry axis, those being y=0, ir/3. These values
correspond to a prolate and oblate ellipsoid respectively, with the
symmetry axis coinciding with the z axis (body axis) in both cases.
Other values of y which are multiples of tt/3 give rise to axially
symmetric ellipsoids, but with the symmetry axis coinciding with the x
or y axis.

Using equations 2.3, 2.kt and 2.6, the potential and

10

kinetic energy of the nuclear surface displacements can be expressed in
terms of 3,y and the Euler angles as
V = hC 32
s

(2.7a)

' 3 ^
T = 2gB(&2 + B2Y2) + h 2 5 v “ir2
lc=l
or

(2.7b)

2
To = - tir1

l-

2BL3V 93

93

3

jn +

3 * sin 3y 9 ^ in3Y 9yJ

3 V
k= l ^

In equation 2.7b, the first term is the vibrational kinetic energy and
the second is the rotational kinetic energy where the Ik are the
cartesian components of the total nuclear angular momentum and ^

are

the components of moments of inertia along the axes of the ellipsoid.
The quantity

is given by
& k = UB 3 2 sin2(y - k§|)

(2.8)

q
As stated earlier, the strong coupling limit of Bohr is being
invoked in this discussion.

This allows the wave function of the

system to be separated into particle motion and collective motion
(equation 2.1).

The total nuclear Hamiltonian for the system is

H = Hs - Hp + »int

(2-9)

where Hp is the single particle Hamiltonian, Hg is the Hamiltonian for
the nuclearsurfacedisplacements,

and

^ is theHamiltonian for

interactions between the different types of nuclear motion. Now
Just the sum of Ts and Vs which are defined in equation 2.7.

Hs is

The

11

single particle Hamiltonian* Hp , acting on the particle wave function
gives an additional potential energy term for the collective motions.
This additional term is shape dependent and in the deformed mass region
has a minimum corresponding to a equilibrium deformation of coordinates
0e and ye* In a large majority of the nuclei in the deformed mass
region, ye = 0.

This value will be assumed here.

For non-spherical

nuclei, the collective excitations of the nuclear surface can be
classified as rotational and vibrational.

The vibrations correspond

i

to oscillations about the equilibrium shape while the rotations
correspond to shape-preserving rotations of the nucleus as a whole.
At a low frequency of rotation, the motion is such that the shape
(intrinsic structure) is not affected.

However at levels of higher

angular momentum (higher frequency of rotation), an interaction be
tween the two modes of excitation is expected.

Therefore the

Hamiltonian for nuclear surface excitations (collective Hamiltonian)
can be written as

Hs = \ i b

+ “ rot + Krot-vib

'

(2.10)

where vib and rot refer to vibrational and rotational motion
respectively and
interaction.

represents the small rotational-vibrational

Therefore the collective part of the wave function in

equation 2.1 can be separated into vibrational and rotational parts
giving
^(collective coordinates) = f(g,y) Rro^. (6^)

(2.11)
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where f(8,y) is the wave function for vibrational states and Rro^ (9^)
is the wave function for rotational states.
3. Vibrational States
The energies associated with vibrations of the nucleus range from
several hundred keV to about 2 MeV.

It is sometimes difficult to

determine whether some observed nuclear excitations in the energy
range of 1-2 MeV are actually attributable to nuclear vibrations or
the excitation of individual nucleons to higher energy states
(intrinsic excitations).

In addition, the interaction between these

two modes of interaction become significant at these energies.
For the present discussion, only vibrations of non-spherical
nuclei with equilibrium quadrupole shapes are considered.

For such

nuclei, if the equilibrium deformation of the nucleus is small and
the amplitude of the vibrations is small, the vibrations can be
considered harmonic.
vibrations.

The quantum numbers X and v characterize the

The parameter X represents the magnitude of angular

momentum for the vibrations and the parameter v represents the
projection of the angular momentum on a body-fixed axis.

As stated

earlier, this discussion is limited to a discussion of axially
symmetric nuclei (ye = 0).

For this type of nuclei, v is the projection

of X on the nuclear symmetry axis.

If v = 0, the vibrations preserve

axial symmetry of the nuclear shape.
The lowest energy vibrations of axially symmetric ellipsoid
nuclei are quadrupole vibrations which separate into a v = 0 and
|v| = 2 mode.

Since v = 0 vibrations preserve axial symmetry, this
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mode can only change the total nuclear deformation and therefore is
associated with the variation of the coordinate 0 defined in equation
2.6.

This mode is called a “
beta vibration.

symmetry is not preserved.

For |v| = 2, the axial

This mode is closely connected with the

coordinate y (equation 2.6) and is known as a gamma vibration.
Briefly, in the beta vibration the eccentricity of the ellipsoid
is changed, and in the gamma vibration, the axial symmetry is des
troyed.

These collective vibrations are characterized hy the quantum

numbers n^ and n^ which represent the respective numbers of oscillator
quanta.
U.

Rotational States

The total angular momentum, ?, of the nucleus is a sum of 1$,
the angular momentum associated with the surface motion, and J, the
coupled angular momentum of the constituent nucleons.

In addition

to I, other quantum numbers which describe the rotational states of
the nucleus are M, the projection of I on.the space-fixed z axis, and
K, the projection of J on the body fixed z axis.

Now If is not a good

quantum number, however for ellipsoids with axial symmetry, the
projection of ? on the nuclear symmetry axis, n, is a good quantum
number.

For convenience the body-fixed axis is chosen to be along

the symmetry axis of the nucleus and therefore ft = K.

In this case

(axial symmetry), § is perpendicular to the z axis and therefore
fi = K.

For even-even nuclei in their intrinsic ground state, the

nucleons pair up so that the total spin, t 9 is zero so t = ^ and
K = Si = 0.

ll*

Vibrations of the nucleus add another component to its total
angular momentum.

As discussed in the last section, v is the

projection of the component of angular momentum onto the symmetry axis
of the nucleus.

For axially symmetric nuclei undergoing quadrupole

vibrations, the component of angular momentum on the body fixed z
axis, K, is then given by IC = |ft + v|. Therefore for even-even
deformed nuclei, K = |v| since ft = 0. Recalling that vibrations for
which v = 0 (beta vibration) preserve axial symmetry, then one can
see that K-remains a good quantum number which in this case is zero.
For vibrations in which
not conserved, and K is

|v|-2 (gamma vibration), axial symmetry is
nota

good quantum number.

However if it is

assumed that the amplitude of vibration is small then K can be taken
to be a constant of motion and would have a value of 2 for even-even
nuclei in their intrinsic ground state.
can be alternately termed a K
vibration can be termed

Therefore a beta vibration

=0 quadrupole vibration and a gamma

a K=2 quadrupole vibration.

Of course a

deformed nucleus can simultaneously be rotating and vibrating and
therefore one would expect to see rotational bands superimposed on
vibrational states of the nucleus.
Under the assumption that the nucleus is l) axially symmetric,
2) symmetric under reflection in a plane perpendicular to the symmetry
axis, and 3) symmetric under rotation about the symmetry axis, the
adiabatic wave function of the nucleus can be written11
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,TMC> =

{D*

(ei)><K+(-1>I+K

(2'12)

where D^ ( 0i) are transformation functions defined earlier and xKX
are intrinsic wave functionsJ
K.

t

represents quantum numbers other than

The allowed spin values are I = K, K + 1, K + 2 , ---- . For

K=0, Xq and x_q are degenerate and therefore a modification of this
intrinsic wave function is necessary.11 This modification is that
the reflection operator which represents a reflection in a plane
perpendicular to the symmetry axis, R^, when operating on this wave
function gives

Ri V = rxoT (r = ±;L)

(2’13)

Therefore for K=0 there are two types of rotational bands; for
r = +1, I = 0,2,1*

and for r = -1, I = 1,3,5---- . The ground

states of even-even nuclei is always characterized by K=0, r = +1.
If one assumes no coupling between rotations of the nucleus and
other modes of nuclear motion, then the energy of a rotational state
of spin I in an axially symmetric nucleus is
2

Ej. = E0 +lLg(l+l) - K*Q

(2.1U)

where Eg is the energy of the intrinsic state, or for rotational levels
superimposed on vibrational states, Eg is the vibrational energy.

The

energy spacing for the levels in the same rotational band is
AEZ = A|(I+1) - K(K+iJ

(2.15)
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where K Is the angular momentum of the band head and the quantity A,
called the inertial parameter, is ‘B2/2«fir. The above expressions
(equations 2.lU and 2.15) assume no coupling between different
rotational bands.
rotational band.

Couplings will affect the energy spacings in a. given
Although there is coupling between bands whose K

values differ by one unit (coriolis coupling), the main interest in
this discussion is the coupling between rotational levels whose K
values differ by two units, for example, the ground state rotational
band and the gamma vibrational band.

These couplings modify equation

2.lU with the result that the energies of the rotational levels are
given by
Bx = Eq + AgCl+1) - K(K+1)| + B|l(l+1) - K(K+lj 2

(2.16)

where B is an inertial parameter which describes the nonadiabaticity
of the rotation.

The parameters A and B can be computed from experi

mentally observed energies using equation 2.16.

Since the parameter

A is a function of the moment of inertia of the nucleus, A . one can
experimentally obtain «8r and compare it to different theoretically
postulated values.

In the deformed mass region, empirical values of

are intermediate between values obtained by treating the nuclear
matter as l) a rigid rotation of an ellipsoid of constant density in
which the particles follow the rotation exactly and 2) an irrotational
fluid with the rotations being pictured as waves travelling around
the nucleus.
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5.

Nuclear Deexcitations
A nucleus in an excited state can make a transition to a lower

energy state in several ways.

For the nuclear excitations of interest

in this study (<2 MeV), the main processes of deexcitation are gammaray emission and internal conversion.

Either of these processes serves

as a means by which the excited nucleus can not only give up energy,
but also give up angular momentum, L, and change its parity, 7r. If the
parity change associated with the transition is (-1)**, the transition
is an electric multipole which carries off L units of angular momentum
whereas if the parity change is (-l)L+1 the transition is a magnetic
raultipole which carries off L units of angular momentum.

The strengths

and types of the transitions from excited nuclear states are experi
mentally obtainable parameters and are parameters which any theoretical
model of the nucleus must be able to adequately explain.
The transition probability per unit time for the emission of
a gamma ray of energy E and angular momentum L from a nuclear state
I to a state I* is given by
8tt(L+1)

E

L [(2L+1)' {] 2 *

.be.

T(L,I-*I' ) a

10112
I<f|T^M(i>|2 .

where T ^ is an electric or magnetic multipole operator.

/
(2.17)

For present

purposes it is convenient to define a reduced transition probability,
using the Wigner-Eckart theorem as
B(L,I1Mi

1 ^ ) « <I±LMiM|l:fMf.>2|<1^1 (T^l 11±> |2

(2.18)

The first factor is a Clebsch-Oordan coefficient and the second element
is a reduced matrix element which is independent of M^, Mf and M.
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Now if the proper transformation is made to the body axes, the
reduced transition probability can be written^®
B(L) =

ICCiLiqKf - KjJlfK^^lMdi.Kj -

)|K^_>

+ (-l)Ii+Ki<Ii,L(-KiKf+Ki)|lfKf><Kf|M(L,Ki+Kf|-Ki |2

(2.19)

Both terms of the above equation vanish if L <|K^ - K^| . This fact is
known as K-forbiddenness and for transitions from beta and gamma vibra
tional bands in the deformed mass region each degree of K-forbiddenness
(Magnitude of AK - L) is associated with a hindrance factor of 10 - 100.
If L < K^ + K^, the last term in equation 2.19 vanishes.

Therefore if

the branching ratios of transitions from a given rotational band for
L < Kf + K^ are considered then equation 2.19 gives
matrix element
B(L) (IjKj Jjl -»■ If,Kfjf)

< 1 ^ , % , ^ - K± |lfiKf>2 matrix element

(2 .20)
Furthermore under the assumption of adiabaticity the intrinsic matrix
elements are equal and cancel, so the branching from an arbitrary band
depends only on a ratio of two Clebsch-Gordan coefficients.

2k

Clebsch-Gordan coefficients for transition probabilities for even mass
deformed nuclei have been tabulated by Yamazaki and are published in
reference 25.
The process of internal conversion is one in which the excited
nucleus deexcites to a lower energy- state by transferring its energy
directly to one of the orbital electrons, ejecting it from the atom
with kinetic energy equal to the energy that the nucleus is trans
ferring minus the binding energy of the electron.

As stated earlier,
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gamma-ray emission and internal conversion are competitive processes
by which a nucleus in an excited state with energy E can deexcite to a
lower state of energy E1. The ratio of the rate of ejection of in
ternal conversion electrons, Ig, to the rate of gamma-ray emission,
I , is called the total internal conversion coefficient, a.
Y

Therefore

a = Ie/Iy

(2 .21)

A nuclear transition can convert in any filled electron shell of the
atom provided the binding energy for that shell is less than the energy
of the nuclear transition.
coefficient can be defined.

For each shell an internal conversion
For example, the K-shell internal

conversion coefficient, aK, for a particular transition is Just the
ratio of the rate of ejection of K-shell electrons, IeK, to 1^
ajr = TeK
I
Y

(2 .22 )

Therefore the total conversion coefficient is the sum of the similar
coefficients for the various shells and subshells:
(2.23a)
where
(2.23b)

and likewise for other shells.
function of several parameters.

The internal conversion process is a
These parameters are l) the electron

shell or subshell where conversion takes place, 2) the atomic number,
3) the transition energy and 10 the multipolarity of the transition.
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In general, conversion coefficients increase with increasing atomic
number and decreasing transition energy.

It is the strong dependence

of the internal conversion process (and therefore the internal
conversion coefficients) on the multipole character of the nuclear
transition that makes measurements of internal conversion coefficients
a useful tool in nuclear spectroscopy.

The experimentally obtained

coefficient for a transition can be compared with tabulated theoretical
values to aid in the determination of the transition multipolarity
which in turn can aid in the determination of nuclear level spins and
p£ pr* pQ
parities. Several workers * 1» have calculated and compiled
tables of theoretical conversion coefficients, however the calculations
of Hagar and Seltzer^ are the most complete and therefore their
tabulated coefficients are used in this work.

The radiated field in a

nuclear transition can have any angular momentum, L, for which
|I± - If|- L *

where

\ 1 ±

+ jf|

1^ and 1^ arethe initial and final nuclearangular

respectively.Therefore a

(2.2U)

momenta

given nucleus transition is not necessarily

of a pure multipole character.

In general, the internal conversion

coefficient for the itlj shell of a nuclear transition can be written
S
a(L)o1(L)
allowed L

(2.25)

where a(L) is the fraction of gamma rays that carry off L units of
angular momentum.

The theory of multipole radiation^ usually

restricts observed conversion coefficients to at most a mixture of
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the two

multipoles with the smallest

allowable valuesofL.

If a

nuclear

transition is a admixture of

Ml plus E2 multipoles orEl plus

M2 multipoles, equation 2.25 gives

ai s ^ “i ^ ) + aE2ai ^ ^

(2.26a)

ai =

(2.26b)

or
+

where a^ is the percentage of gamma rays in a. given transition which
are of multipole order oL.

Obviously a ^ +

= agi + a^g = 1.

To

more easily specify the multipole admixture of a transition, a mixing
parameter, 5, is defined.

For transitions with an Ml, E2 multipole

admixture, 5 2 = a^>2^BLMl* an(* 8^m^-1-ar-Ly for transitions of El, M2
multipole admixture, S 2 = a^/a^ .
If I^ = 1^, then from equation 2,2k it is seen that an allowable
value of L is zero, i.e., a transition which carries off no angular
momentum.

There is no radiation field for L = 0 and therefore EO

gamma-ray transitions are completely forbidden.

However an L = 0

transition is possible in the internal conversion process because of
penetration of the nuclear volume by the orbital electron.

As would

be expected, the most strongly converted electrons in this process
are those in the K-shell since they are nearest to the nucleus.
Therefore if

= I^f, there is a possibility that some of the

internal conversion process will be EO in nature.

This multipole will

compete with other possibilities, i.e., Ml and E2, and an
experimentally obtained conversion coefficient might not necessarily
give the true Ml, E2 admixture since a conversion coefficient for an
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EO transition is undefined.

In this case, the Ml, E2 admixture in

a transition can he determined from gamma-gamma angular correlation
experiments.

Then the EO component can he computed hy deducting the

E2 and Ml conversion intensity from the total conversion intensity.
6. Band Mixing
The preceding discussion of the vibrational and rotational modes
of motion in deformed even-even nuclei was based on the assumption that
the intrinsic and collective modes of nuclear motion were separable
(adiabaticity) and that the nucleus could be considered to be axially
symmetric.

Although this approach gave good qualitative results, the

quantitative predictions for parameters such as nuclear level energies
and nuclear transition intensity ratios are not in agreement with
experimentally obtained parameters.

The physical significance of the

adiabatic assumption is that the nucleus is a rigid mass, yet the most
general assumption in nuclear structure is that the constituent nu
cleons of a nucleus move relatively independent of each other in the
average potential generated by the other nucleons, implying that the
shape of the nucleus would be non-rigid.

Therefore the assumption

of adiabaticity is questionable.
The assumption of adiabaticity in the phenomenological model of
9 10
Bohr and Mottelson * has been modified to include couplings of the
different modes of nuclear motion (intrinsic, vibrational, and
rotational) by several methods.

The present discussion will be limited
11

to the treatment put forth by Nathan and Nilsson

12

, Lipas

, and

Hansen et al.^ in which the nucleus is assumed to be axially symmetric

23

to first order and the higher order rotational and particle couplings
are taken into account by perturbational methods.

Several other

theoretical approaches have been taken to modify the adiabatic model
in order to bring theoretical predictions of nuclear parameters in
line with experimentally obtained results.

One approach, developed by

Faessler et al. 20 , takes into account the rotational-vibrational
interaction.

Davydov*^”1® has approached the problem by taking into

account deviations from axial symmetry.
been an attempt by Kumar and Baranger

on

A more ambitious approach has
to exactly solve Bohr's

collective Hamiltonian.
In section 1+, it was pointed out that the predictions of rota
tional energy levels (equation 2.1k) were modified (equation 2.l6)
when couplings of different rotational bands were included.

This

modification gave results more in line with experimental results for
rotational level energies in deformed nuclei.

The adiabatic

assumption was also invoked in computing B(E2) ratios.

With the

adiabatic assumption, the ratio of reduced transition probabilities
for E2 transitions (B(E2) ratios) from rotational bands is Just
B(E2}N1KiI±-*NfKfIf) <IiKi2(Kf-Ki)|IfKf>2
' ■■ a -....... ■i—
B(E2;NiK1Ii->NfKfI^)
<IiKi2(Kf-Ki)|lJ.Kf>2

(2.27)

Among other, Nielson^ has made comparisons of experimental
branching ratios from beta and gamma vibrational bands with predictions
obtained using equation 2.27 in many deformed nuclei and found
systematic differences throughout the deformed mass region.

Therefore

departures from adiabaticity must be accounted for by a modification
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the B(E2) branching ratios given by equation 2.27.
The Hamiltonian for the unified model (equation 2.9) included
an interaction term to account for couplings of collective and
individual modes of nucleon motion.

The portion of this perturba-

tional Hamiltonian which accounts for the mixing of the ground state
band with the beta and gamma vibrational bands can be written

H' = hQ(l2 - I32) + h+2lf + h_2lj

(2.28)

where the operators h+2 change K by 2 units, hQ leaves K unchanged,
and I± = 3^ ± il2. Neglecting the quantum number M and letting N be
a quantum number representing the phonon order of vibration, the
perturbed wave function, |NKI>, which includes couplings to the
second order can be written as a combination of unperturbed wave
functions32 as
|001> = |OOI>0

-eefg (l) |l01>o-eYfY(l) |l21>0

(2.29a)

|10I> = |10I>Q

+egfg(l) |00I>o+egYfY(l) |l2I>Q

(2.29b)

|l2I> 83 |12I>0

+3g|l+(-)I][eYfY(l)|00I>C)-ee f (I) |lOI|]
(2.29c)

where |00I> are the wave functions of the ground state band, |lOI>
are the beta band wave functions, and |12I> are the gamma band wave
functions and
<10|h |00>
E = ----2----

(2.30a)

E10
<12|h«|00>
e|J “ ----6---E12

(2.30b)
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are the reduced coupling amplitudes which depend only on the intrinsic
variables.

The energies in equation 2.30 are the band head energies.

Ifce moments of inertia of the bands are assumed to be equal.. The
functions

fy(l) are given by^2

f0 (l) = 1(1+1)

,

(2.31a)

fy (l) = (2(I-1)I(I+1)(I+2))3s

(2.31b)

The wave functions in equation 2.29 include mixing between the beta
and gamma bands as well as the mixing between the ground state and
the vibrational bands separately.
The energies of the ground state rotational band are given32 to
second order by
Ej = l*eY2E12l(l+l) - (e02E1() + 2er2E12) I2(I+l)2

(2.32)

The mixing with the gamma band results in a contribution to the
1(1+1) term, but it is negligible since
•R2/2c&

is small in comparison to

The inertial parameter B in equation 2.16 can be written as a

sum of contributions from the beta and gamma bands,

and B^, which

are given by

B0 * -e02ElO

(2.33a)

By = -2ey2E12

(2.33b)

If the intrinsic quadrupole moments of the ground and excited
bands are equal, the reduced E2 transition probability for a
transition from a level Ii of the gamma band to a level I^ of the
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ground state "band is given by
B(E2jl2Ii-K)0If) = Bo(E2jl2Ii->00If) [l+ZyFydi ,If)+z0yp6Y(i1,ifp
(2.3U)
where
zy = - M

ey^

2.

zBy * - «

zsy-|

(2.35a)

(2-35b)

The electric quadrupole moments Qq q , Qy, and Qg are given by
Q00 = <00|Q(E2)|00>

(2.36a)

Qy = <12|Q(E2)|00>

(2.36b)

^

= <10|Q(E2)JOO>

(2 .3 6 c )

where Q(E2) is the electric quadrupole operator and the quantum num
bers specified are N and K,

For a transition from the beta band, the

B(E2) value is
B(E2;10Ii-K)OIf) = Bo(E2;10Ii+00If) [l+ZgFgdi,^) + CgyFg ydi.lfj 2
(2.37)
where

c
*

= 1 ^
t

J

Z3v

3

ZB = “e0

(2.38a)

= 1 B J E 2j000*122)

,
(2 ‘ 38b)
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The F values are a function of fg(l) and fy(l)'s given in equation 2.31
as well as a Clebsch-Gordan coefficient involving the initial and
final spins (i^ and If). The F values for different transitions
from the gamma and beta vibrational bands to the ground state
rotational band are given in table 2.1.

These values are computed

using the definitions of z^, z^, z^, and

as given by Marshalek^

and Bohr and Mottelson^.
The parameters z^ and Zg can be computed using experimentally
obtained B(E2) ratios and Alaga values^, neglecting mixing of the
beta and gamma vibrational bands; i.e., the parameters 2^
are taken to be zero.
bands,

To include mixing of the

and

two vibrational

is computed using the z^ value obtained from the odd spin

level in the gamma band. The ?gy values are computed using Zgy. and
the Zg values are then recalculated using the value of 5gy.
Table 2.1.

If a

The F factors used in corrections of the reduced E2
transition probabilities between members of the beta and
gamma bands and members of the ground state band.

gamma band
h

*f

beta band

F
Y

Ff3Y

Fe

F3y

1(1-1)

2(21-1)

-(1-2) (1-3)

1-2

I

21+1

1-1

I

1+2

I

I

2

1+1

I

-(1-1)

1+2

I

-(21+1)

3(1-1) Cl+2)

-|I(I+1)

(l+l)(l+2)

-2(21+3)

-(1+3) (I+U)

consistent set of
gamma bands is small.

and Zy is obtained, the mixing of the beta and
Otherwise, the mixing of the beta and gamma

bands must also be taken into account.

When this mixing of bands is

included, the ^ ^ values, calculated using the unmixed Zy values from
odd spin levels in the gamma band, should be consistent if the
perturbational approach is verified.

Also, a consistent set of Zg

should be obtained using the ggy values calculated from Zgy.
7.

Intrinsic (Particle) States

In the previous sections we have been primarily concerned with
the collective modes of motion of the nucleus.

However we recall

from equation 2.9 that the total nuclear Hamiltonian for the unified
model includes a part for individual particle motion.

Since we are

concerned with nuclei in the deformed mass region, the individual
particles are under the influence of an average deformed potential
well.

This results in intrinsic states at energy levels corresponding

to the oscillator energy eigenvalues of the particle in the well.
Although many types of potential shapes have been postulated to solve
for the intrinsic wave function, they can be broadly classed as
axially symmetric or asymmetric.

We consider here the approach of

i
2
3k
Nilsson , Mottelson and Nilsson , and Lamm in which they assume an
anisotropic harmonic oscillator potential with a spin-orbit coupling.
This type of potential has given theoretical results which are in
agreement with experimental results.

The reader is referred to

references 35 and 36 for a discussion of asymmetric potentials.
The Hamiltonian for the axially symmetric oscillator potential
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with spin-orbit coupling is given by:
H = Hq + C

+ Dt2+ 6fiw0U

(2.39)

where H0 is the usual Hamiltonian for the harmonic oscillator shell
model, l»t is the spin-orbit coupling term, the i2 term is added to
depress the high angular momentum states, and U = -(U/3)( tr/5)“3^r2XgQ
is the quadrupole deformation of the well.
6 are adjusted to fit the experiment.

The parameters C, D, and

The parameter 6 is a deformation

parameter and has been shown^5 to be approximately 95% of the
magnitude of the previously defined deformation parameter 3
(6 * 0.953).

The deformation-dependenceof wQ(6) isfixed by

imposing

the condition that the volume within an equipotential surface does
not change with deformation.

If the deformation is not too great

the intrinsic wave function for thiB particle motion in the deformed
well can be expanded in terms of the wave function for the particle
in spherical well, the quantum numbers being N, the oscillator quantum
number, J, the total angular momentum, and 1, the orbital angular
momentum.
H^

In the case of large deformations, ite.,

=6h wQ U » C

+ dJ2, 1 and J cease to begood quantum

numbers.However the deformed wavefunctions

can be characterized by
I

the asymptotic quantum numbers

(?»n z» A] ft,it

where

N = total oscillator quantum number
n„ * oscillator quanta along the symmetry z axis
A « projection of 1 along the z axis
ft = projection of J along the z axis

and tt is the parity of the state.

The projection of the particle

spin along the z axis is usually denoted by E, so that ft = tfrZ,
Energy level diagrams of possible energy states versus nuclear
o

deformation can be seen in reference 37.

The energy is plotted

against an eccentricity coordinate e which is related to the deforma
tion parameter 6 by

e =6 +

O

(2.1*0)

2 + 0(63)

It is well known that the ground state of an even-even nucleus
has K “ £ ft^ = 0.

This is explained in the Nilsson model by the

fact that each Nilsson state can accomodate two nucleons with
projections ±ft along the symmetry axis so that in an even-even
nucleus the sum of all the ft's is zero.

When considering excitations

of the nucleus in terms of the Nilsson model, these excitations
must be assumed to have a single, or at most, a two-particle structure.
As a consequence, the exact level order and correct energy differences
between the levels cannot be expected to be reproduced.

The Nilsson

energy diagrams can only predict which spins and parities are likely
to appear in the lowest states of the energy spectrum. In even-even
qO
nuclei Gallagher has proposed that the low-lying intrinsic states of
deformed even-even nuclei are two-particle states describable by
Nilsson wave functions.

These two-particle states would arise from

the breaking of a nucleon pair, the excitation of one member of the
pair to a different Nilsson state and the recoupling of the two
nucleons now with different Nilsson assignments.

If it is assumed as
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is usual, that in the ground state of even-even nuclei, protons and
neutrons are paired separately then the two particles involved in
Gallagher's postulation are either both protons or both neutrons.
Therefore, in spite of the qualitative nature of this proposal it
shows that the Nilsson scheme can be used to account for two-particle
excitations in the spectra of even-even nuclei.
The preceding discussion of the unified model has been mostly
related to those aspects relating to even-even nuclei in the deformed
mass region.

The discussion was by no means complete and the reader

is referred to references 11 and 39-^2 for more complete discussions
on all aspects of this model.
C.

Odd Parity Excitations

1, Introduction
In our preceding discussion of the unified model, we limited our
discussion to quadrupole deformations of the nuclear surface.

This

limitation was Justified by the predominance of positive parity
collective states which are interpreted as quadrupole deformations of
the nucleus.

However, there are nuclei in the deformed mass region in

which low energy (< 2 MeV) negative parity states have been observed*
ho
Bohr and Mottelson J have pointed out that the explanation of positiveparity collective states as quadrupole effects suggests that oddparity ones could be attributed to collective octupole effects.

One

fact that supports this suggestion is that the reduced E3 transition
probabilities are 15 to 100 times greater than that of single particle
estimates.

These octupole effects have been taken into account
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theoretically in several ways.

We will discuss here the method of

Lipas and Davidson1*1* in which the low lying odd-parity states of
even-even nuclei have been interpreted as collective octupole
vibrations with superimposed rotations of an axially symmetric shape.
In addition the adiabatic assumption is invoked to solve the equations
of motion.

This approach is analagous to that of Bohr and

o 10
Mottelson7' in considering quadrupole effects in nuclei.

Donner

and Grenier**-’ have relaxed the adiabatic assumption and included the
couplings between vibrations and rotations, and quadrupole and
octupole vibrations as well as the Coriolis coupling.
Another phenomenological approach taken to explain collective
octupole effects is one proposed by Davidson
of an octupole shape are assumed.

in which the rotations

Microscopically the octupole

effects have been explained by expressing the average total nucleonnucleon force to be a pairing plus octupole-octupole force interaction.
li7
Neergard and Vogel •, among others, have taken this approach to
explain enhanced E3 transition strengths and energy level spacing of
rotational bands superimposed on octupole states.
retical approaches will not be covered here.

These two theo

For a discussion of

these aspects the reader is referred to these authors' papers
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Octupole Vibrations of Deformed Even-Even Nuclei
The expansion of the nuclear surface in terms of spherical
harmonics in the body-fixed system was given in terms of the
coordinates a^v 's In section B.
value of X considered was 2.

In that discussion, the maximum

To consider octupole nuclear

f
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deformations the'X = 3 deformation coordinates must be included.
The body-fixed reference frame can be chosen such that of the seven
octupole components agv» either the odd v or the even v components
are nonvanishing.

kk

Lipas and Davidson

components to be zero.

arbitrarily chose the odd

As a consequence, in addition to the beta and

gamma quadrupole degrees of freedom, the nucleus has two octupole
degrees of freedom, corresponding to the spherical harmonics Y^q and
^3+2* With this choice of octupole deformation parameters the
octupole contributions to the nuclear moments of inertia along each
body axis are given by
<&(f = B3(6a302 + 2/30 a30a32 + 8a322)

(2.1tla)

= B3(6a302 - 2/30 a3Qa32 + 8a32£)

(2.1(18)

Jtf " 8B3a322
where

is the octupole mass parameter.

( 2- ‘ao )
These contributions are

added to the quadrupole moments of inertia given by equation 2.8.
With the above choice of deformation parameters the vibrational
kinetic energy of the nucleus can be written^ as
Tvlb - jsB2(B2+B2Y2) + *5B3(a302+243,>2)

(2-*»2)

where Bg is the quadrupole mass parameter (equivalent to B in equation
2.3b). If weconsider the case of small oscillations about an axially
symmetricellipsoid

equilibrium shape (30 ? 0, y « 0)thenthe total

collective nuclear moments of inertia are given by

3U

<£"l = &2 = 3B20O2 = & 0
£r3 = UB20o2(y2 + g2)

(2.1+3)
1+ 1+

vhere g, an octupole deformation parameter analogous to y is given

By
,2 . J ! 2 _ .
B2802 “32

(2.UU)

In addition, an octupole deformation parameter b = ago is defined
analogous to the quadrupole parameter 3 . With these assumptions
equation 2.1+2 can be written
+ .1 —
+ 1 r '92t V
9
BP 302
Bo 3b2
Bv 3y2 + y2+g2 3y

T
Tyib

+ _£? + _ I

3g2

-3g
]]
J

(2 .1+5 )

y2+g2 3g

where B^ = B20q2* Neglecting the difference in
* ft-g ^^g)*

and& 2

kineBic energy associated with nuclear rotation

can be written

i2 r /

\

2I

r2

Trot “ gjr
+ *
5 5 w-(y;ey
£ [ * ™ > - *I|
* = 3
^
the second term in this expression can be taken to be an additional
term to the vibrational kinetic energy.

Hence the expression for

energy associated with rotation is the same as that obtained in
section B for the quadrupole model (see equation 2.lU).
energy for small oscillations can be written

1+ 1+

The potential
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V = 3sCg(B-B0)2 + hcyy z + ^ b 2 + ^Cgg2

(2.1*7)

With the above expressions, it can be shown that the 0 and b vibrartions separate out from the Schrodinger equation, giving rise to a
pair of one dimensional harmonic oscillator equations.

The energy

eigenvalues of these equations provide the energies of the rotational
band heads.

In 3 and b vibrations the axial symmetry of the nucleus

is preserved and therefore rotational levels associated with them
have K=0.

The b vibration is the octupole counterpart of the 3

vibration and is associated with odd parity and an angular momentum
sequence of I ■ 1,3,5, - - -•
By restricting ourselves to the case in which the equality
a^2 = &g_2 bolds in the same reference frame in which
frequencies of the y and g vibrations are equal.

= a2_2*

Therefore after

separating the 3 and b vibrations out, the remaining equations of
motion can be solved as a degenerate perturbation problem if equal
restoring constants are assumed for y and g vibrations.

As a result

two bands with |k| = 2 and I = 2,3,1* - - - result, and the y- band
has positive parity while the g-band has negative parity.

Furthermore,

the perturbation separates the band head energies, with the g-bandhead
being above the y-bandhead in the deformed mass region of
150 * A S 190.
While this model gives good qualitative results, it does not
agree quantitatively with experimental results concerning octupole
states.

The quantitative results can be improved by further refine-
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xnents which include couplings of the different modes of nuclear
motion.

Furthermore, the qualitative agreement between the theory

and experiment can be construed as a justification for the choice of
the deformation parameter a^0 and a^g.

However it should be

emphasized that a priori there is no reason for rejecting a^+1 and
a
3±3*
'D. Microscopic Models
Thus far in this discussion we have considered the nucleus
macroscopically and essentially neglected the detailed nucleon-nucleon
interactions.

However one would hope to be able to develop a theory

of the nucleus which would quantitatively explain observed nuclear
parameters by using a many body theory which considers all the
nucleon-nucleon interactions.

Since the nature of the basic nucleon-

nucleon force is not well known, approximations of this force must be
used.

Much progress has resulted from approximating the interaction

by a multipole expansion in terms of central nucleon coordinates

T<*f ?J>

“ V ri> rj> Px(cos eij>

V(r.», r.)

= V_ + V0P9(cos 0j .) + pairing interaction

or
2

*

(2 .1*8 )

where X-0 is Just a spherical potential, X=2 is a quadrupole term
responsible for nuclear quadrupole deformations and the higher order
terms give rise to a pairing interaction for like nucleons.
pairing

This

correlationis responsible for the well known "energy gap"

in even-even nuclei in the deformed mass region.

The pairing

formalism for interacting neutrons and protons, was developed by
U8
Bohr, Mottelson, and Pines based on a method which Bardeen, Cooper,
and

Schrieffer^9

developed for electron pairing in a semi-conducting

medium.

The nucleons are assumed to move in an axially symmetric ./
deformed field. Bogolyubov^® and Valatin*^ introduced an equivalent

representation of the system in which the interacting protons and
neutrons are replaced by a system of independent entities called
quasiparticles.
We shall now Just briefly mention several microscopic theories
which were relevant to this work.
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Marshalek * accounted for the

rotational-vibrational interaction Hamiltonian by expanding the
reciprocal moments of inertia, I, in terms of (g - gQ). The
expressions for I were obtained by assuming the pairing plus
quadrupole forte using Hartree-Fock-Bogolyubov (HFB) theory
solving.the HFB equations he invoked the adiabatic approximation.
Within this model, he has calculated the mass parameter, B, E2 tran
sition strengths, and band-mixing parameters.

In addition he has

proposed the existence of two K7r=2+ bands, with the lower energy one
postulated to be of a two-quasiparticle

state while the higher one

is proposed to be the gamma-vibrational bandhead.
his quasiparticle

Soloviev^, in

formalism, has also proposed two ^=2+ states,

but has classified the higher state as the quasiparticle one.
Bes^9»5^ relaxed the adiabatic assumption of Marshalek and
obtained solutions of the time dependent HFB equations using the
random-phase approximation which is applied to small-amplitude,
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harmonic, collective vibrations.

Using this formalism, Bes gives

predictions for the band-mixing parameters for nuclei in the deformed
21
mass region. Pavlichenkov extended the random-phase approximation
to include rotational-vibrational couplings.
computes band-mixing parameters.

Within this framework he

This microscopic formalism is

considered analogous to the macroscopic work of Bohr and Mottelson.
Finally, at least brief mention should be made of the theoretical
l*-8

investigations conducted by Baranger and Kumar

. Working within the

framework of the HFB method, they investigated nuclear shapes from
the degenerate model, i.e., a model consisting of only one-single
particle level whose angular momentum is J.

The nucleons that may

occupy this level are all of the same nature. Their major objectives
were to determine the potential energy as a function of nuclear
deformation and to determine the stable deformation of nuclei in the
deformed mass region.

In general they found** for the pairing plus

quadrupole model applied to the single-J model that l) axial symmetry
is preferred in all cases, 2) deformation is a maximum in the middle
of a shell and tapers off toward both ends with exact symmetry about
the middle of the shell and 3) the stable nuclear shape depends on
the ratio of the quadrupole to pairing forces.

III.
A.

INSTRUMENTATION
Introduction

This chapter is devoted to a short discussion of the spectrometer
systems used in this experiment.

Lithium drifted germanium, Ge(Li), .

detectors were utilized in gamma-ray spectrometer systems and a lithium
drifted silicon, Si(Li), detector was used in the conversion electron
spectrometer system.

The Ge(Ll) and Si(Li) detectors were coupled to

low noise, charge sensitive preamplifiers and shaping main amplifiers
which served to produce an optimally shaped and amplified pulse for
input into the multichannel analyzer system.

The detectors, preampli

fiers, and amplifiers are discussed in section B.
Pulse height analysis was performed with

l) a single parameter

multichannel analyzer system incorporating a kQ9& channel analog-todigital converter (ADC) and a 102^ channel memory unit, and

2) a dual

parameter multichannel analyzer system containing two k09& channel ADC's
and a U096 channel memory unit.

These systems and their uses in this

experiment are discussed in section C.

Block diagrams of the single and

dual parameter spectrometer systems used are presented in figures 3.1
and 3.2.
B. Detectors, Preamplifiers, and Amplifiers
1.

Detectors
The introduction of Ge(Li) and Si(Li) radiation detectors55“59

approximately 15 years ago has completely revolutionized the field of
nuclear spectroscopy.

The major advantage of these devices is their

excellent energy resolution, especially for gamma-ray spectroscopy.
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Although other types of electron spectrometers offer as good or better
resolution for conversion electron spectroscopy, the rapid accumulation
of data possible with Si(Li) detectors combined with their ease of
operation make them preferable

in many conversion electron spectroscopy

experiments.
The theory, methods of fabrication, and operational characteristics
of both Ge(Li) and Si(Li) detectors have been subjects of thorough
investigations for the past few years and have been discussed
extensively by Bertolini and C o c h e ^ O , Dearnaley and Northrop^
Taylor^ among others.

Only a brief discussion will be

Hollander*^,

and

given here.

Germanium and silicon detectors are semiconductor devices.

Incident ionizing radiation upon the detectors produces electron-hole
pairs which are gathered by an internal electric field produced by an
externally applied bias voltage.

The signal from the detector is a

charge, Q, which is the composite of all the electron-hole pairs
produced and collected.

Conversion electrons produce electron-hole pairs

by directly interacting with the constituent electrons of the crystal,
whereas incident gamma rays produce energetic electrons by the photo
electric effect, the Compton process, or pair production.

These

energetic electrons then move through the crystal, losing energy by
impact ionization, and thereby producing electron-hole pairs which
eompositely produce the signal,

In gamma-ray spectra, the photopeak

which appears as a result of gamma rays interacting via the
photoelectric effect is generally of most interest to the nuclear
spectroscopist.

This is because of the ease of analyzing the energy

U3

and intensity of the peak and subsequently using this information to
obtain the energy and absolute intensity of the incident gamma ray.
Since the cross section for the photoelectric effect is proportional to
the fifth power ofthe atomic number of the detector material,
germanium is preferable to silicon as the material for a gamma-ray
detector.
A semiconductor crystal, with no impurities, can be described as
a material in which the valence band of electrons is separated from the
conduction band by

approximately 2 eV (see figure 3.3a).

The gapbetween

these two bands isdenoted as the forbidden gap because there are no
energies in this gap at which the constituent electrons of this crystal
can reside.

Pure, or intrinsic, semiconducting crystals of reasonable

detector size are very hard to produce, and crystals obtained usually
have small amounts of impurities.
extrinsic.

This type of material is termed

These impurities introduce discrete electronic states in

the forbidden gap, as is pictorially represented in figure 3.3b.

If

the impurities contain an excess of electrons over that required for
crystal binding, they are classified as donor impurities.

They are

termed acceptor impurities if they do not have a sufficient number of
electrons for crystal binding.

In general, semiconductor crystals

contain both types of impurities.

The material is classified as n-type

if donor impurities predominate, and p-type if acceptor impurities
predominate.

The electronic levels in the forbidden gap for donor

(or acceptor) impurities are near the conduction (or valence) band and,
therefore, electrons (or holes) can be excited into the conduction (or
valence) band with much less energy than an electron (or hole) in the

kk

valence (or conduction) "band.
The small separation in the valence and conduction bands in
semiconductors has the advantage that many electron-hole pairs are
produced for incident ionizing radiation.
resolution because of better statistics.

This improves obtainable
As an example, approximately

335 electron-hole pairs are produced in germanium for each keV of energy
lost by incident radiation.

As a comparison, only about 30 electron-

ion pairs are produced in a gas ionization chamber for each keV of
energy lost by incident radiation.

However, the disadvantage of

semiconductors is that at room temperature the signal cannot be
discerned from the noise produced by thermally generated current
carriers.

For a pure, i.e., intrinsic, semiconductor this problem can

be solved by cooling the detector to liquid nitrogen temperature (77°K).
This reduces the thermally generated noise current to such a level that
the device will have a signal-to-noise ratio sufficiently good to obtain
high resolution data.

However, as was stated above, most available

semiconductor materials are extrinsic.

Cooling these materials is not

sufficient to produce a good radiation detector.

A solution to this

problem is to form a compensated region, i.e., a region with an equal
number of acceptor and donor impurities.

This region behaves somewhat

as intrinsic material and can be used as the sensitive region of a
detector (see figure 3.*0.

The number of thermally generated carriers

is greatly reduced in the compensated region.

A bias applied across

such a region produces an internal electric field which will collect the
electron-hole pairs produced by incident radiation.

As their name

implies, the compensated region in lithium drifted germanium and
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Figure 3.3.

The energy band picture of a pure (intrinsic) semiconductor
(a) and a semiconductor containing impurities (extrinsic)
(b).
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lithium drifted silicon detectors is formed by drifting n-type
lithium into p-type germanium and p-type silicon with a strong
electric field.

A low temperature is required to keep the drifted

lithium atom in the germanium or silicon.
To insure good spectrometer characteristics, it is important to
collect all charges produced by incident radiation.

The main causes

of charge loss in semiconductor detectors are recombination and
trapping.

Trapping occurs when a carrier is momentarily held at an

impurity site and then later released back into the band, whereas
recombination occurs when an electron and a hole recombine and
essentially annihilate each other insofar as conductivity is concerhed.
These factors have a large effect on the obtainable resolution of the
detector.

An obvious solution to the problem of trapping is to use

purer crystals.

In addition, the effects of trapping and recombination

can be reduced by using a higher reverse bias voltage across the
detector electrodes.

The magnitude of this bias however is limited by

a degradation of resolution due to noise produced by leakage currents.
Another factor which affects resolution is the statistical fluctuation
in the production and collection of electron-hole pairs.

The observed

statistical fluctuation, AE, can be expressed as:

where E is the energy absorbed in the detector, e is the average energy
required to produce an electron-hole pair, and F is a semi-empirical
factor called the Fano factor.

The Fano factor in semiconductor
6 5

detectors has been studied carefully by Van Roosbroeck

and the

*»7

reader is referred to this article for a detailed discussion.
Finally, preamplifier and amplifier noise can greatly affect the
resolution of semiconductor detector systems.

The measures taken to

ensure low noise levels in these components will he discussed in the
section on preamplifiers and amplifiers.
The Ge(Li) and Si (Li) detectors employed in this research were
reversed biased p-i-n devices, i.e., p-n Junctions with an intermediate
compensated, or intrinsic, region, as discussed above and depicted in
figure 3.1*. Two Ge(Li) detectors were used.

They were right circular

cylinder coaxial detectors with volumes of 8

cm^ and 30 cm^. The cores

of these detectors were low resistivity p-type germanium.

The n-type

material, lithium, was diffused onto the surface of the germanium
cylinders, and a large reverse bias was then

applied to drift the

lithium ions into the germanium, thus forming the sensitive compensated
region.
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This method of fabrication has been ascribed to Pell

*

has been extensively used for the fabrication of Ge(Li) detectors.

and
The

8 cm3 detector was 2.2 centimeters high and 2.6 centimeters in diameter
with a compensated depth of 6 millimeters.
voltage of 750 volts.

It was operated at a bias

The measured gamma-ray peak energy resolution,

i.e., peak width, of the detector was 2.21keV at 50 keV, 2.52 keV at
662 keV, and 2.75 keV at 1172 keV.

The 30 cm^ detector was 2.65 centi

meters high, 3.9 centimeters in diameter and had a compensated depth of
10 millimeters.

It was operated ait a bias voltage of 2900 volts.

observed gamma-ray peal: energy resolution was 1.51 keV at 60 keV,
2.03 keV at 662 keV, and 2.5 keV at 1172 keV.

The planar Si (Li)

detector employed here was also fabricated using a lithium drift

The

U8

technique.

The compensated region of this detector was 2 millimeters

thick with an area of 80 mm2. It was operated at a bias voltage of
525 volts.

The measured K-shell conversion electron peak energy

resolution was 1.1*2 keV at 180 keV and 2.35 keV at 850 keV.

It should

he noted that all quoted resolutions were obtained with the detectors
coupled to the electronics as given in table 3.1.
2.

Preamplifiers and Amplifiers
The excellent resolution of Ge(Li) and Si(Li) semiconductor

detectors is not realized if careful attention is not given to the
noise and stability of the preamplifiers and amplifiers used to
properly shape and amplify the signal obtained from the detectors.

This

fact has prompted the development of special low noise, high stability
electronics in recent years.

Basic considerations used for selecting

preamplifiers and amplifiers in this experiment are given below.

For

informational purposes and to aid in the following discussion, the
operational characteristics of the preamplifiers and amplifiers used
with each detector are given in table 3.1.
In a semiconductor detector, incident ionizing radiation in the
form of a charged particle or photon loses its energy in the production
of electron-hole pairs which are subsequently collected at the detector
electrodes.

The signal from the detector is therefore a pulse of

charge, the magnitude of which is a composite of the charges of the
electron-hole pairs produced and collected.

The function of the

preamplifier is to sense this charge and convert it to a linearly
amplified voltage pulse.

Desirable characteristics for the

preamplifiers include low noise, linearity, and temperature stability.

Table 3.1 The operational characteristics of spectrometer system components.

Detector

Amplifier

Pre-amplifier

Type

Bias
Voltage

Model

Temp.

Ge(Li)

750

Ortec

Room

Ortec UUO

Room

Tennelec

Model

First
Differentiator
U psec

Second
Differentiator

Integrator

unipolar

U psec

118A

8 cm^
coaxial
Ge(Li)

2900

Canberra
1U08C

30 cm^

3.2 psec

1 msec

3.2 psec

3.2 psec

1 msec

3.2 psec

TC 200

coaxial
Si(Li)
0.16 cm^
planar

525

Kevex
1000/2000

ll+0°K

Tennelec
TC 200
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The preamplifiers used in this experiment were charge sensitive
preamplifiers with field-effect transistors (FET's) in the input stage.
These types are usually used in conjunction with Ge(Li) and Si (Li)
detectors.

The charge sensitive configuration was used because the

amplitude of the output signal was essentially independent of the input
capacitance.

The FET's were used in the input stage because they

substantially reduced the noise level.

A further reduction of the noise

level can be effected by using FET's cooled to lU0°K.

A block diagram

of a typical charge sensitive preamplifier with a cooled FET is
presented in figure 3.5*

One of the preamplifiers used in this work

utilized cooled FET's (table 3.l).
The main amplifier in a gamma-ray or conversion electron
spectrometer system not only amplifies the signal from the preamplifier
but also shapes the pulse to shorten its time duration.
the probability of pulse pileup.

In addition, the shaping is designed

to improve the signal-to-noise ratio.
networks.

This reduces

The shaping was done with EC

Typical rise and decay times of input pulses to the shaping

main amplifier were 0.1 to 0.2 microseconds and 30 to U0 microseconds
respectively, whereas the output unipolar pulses typically used had rise
and decay times of 2 to I microseconds.
C. Analyzer Systems
The combination of a detector, preamplifier, and an amplifier can
be considered as a system which senses incident radiation and
subsequently produces an amplified and shaped voltage pulse with an
optimum signal-to-noise ratio.

The magnitude of the pulse is

Detecter
Bias

ml—I I

O

)

Second

VW—

Figure 3.5.

A block diagram of a cooled FET preamplifier. The
cooled portions are enclosed in dashed lines. The
dashed line between the detector (Cp) and the first
stage denotes a temperature difference.

proportional to the energy of the incident particle or photon,
providing all of its energy is dissipated within the sensitive region
of the detector.

Topically, the nuclear experimentalist is endeavoring

to determine the energy of each incident nuclear particle or photon
and the number of particles or photons detected at any given energy
per unit of time.

Therefore, to he of any informational value to the

experimentalist, the voltage pulse from the amplifier must he sorted and
stored according to its pulse height.

It is the function of the pulse

height analyzer (often referred to as a multichannel analyzer) to per
form this task.

A typical analyzer system consists of an analog-to-di-

gital converter (ADC), a memory unit to store the digitized information,
and various peripherals to aid in data manipulation and output.

These

peripherals include items such as display cathode-ray tuhes (CRT's), x-y
plotters, teletype printers, paper type punches, and magnetic tape
transports.

The function of the ADC is to sort pulses according to

their magnitude hy converting the incoming analog voltage pulse to a
train of digital pulses, the length of the train heing proportional
to the magnitude of the analog pulse. The incoming pulses were
converted hy the method ascribed to Wilkinson68 in the ADC's employed
in this experiment. An incoming voltage pulse simultaneously triggers
a voltage ramp circiut and a clock-pulse generator.

The voltage level

of the ramp increases linearly with time until its amplitude matches
that of the incoming pulse.
amplitude of 3-10 volts.

Topically, these ramps have a maximum

The clock-pulse generator produces a train of

sawtooth digital pulses until the voltage of the ramp is equal to that
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of the incoming pulse.

Typical digitizing rates for these generators

are 50 and 100 megahertz (mHz).

The number of pulses produced hy the

digitizer represents the channel (specific location) in memory which
will he addressed.

The number of digital pulses, i.e., channels,

produced hy a voltage pulse of maximum height acceptable hy the ADC is
referred to as the conversion gain of the ADC.

Typical ADC's used in

this type of work have conversion gains of Uo96 or 8192 channels.

When

a channel location in memory is addressed, it increases its scalar or
counter hy an increment of one.

The ADC unit will not accept any

incoming pulses while a previous pulse is heing digitized and stored.
The percentage of time that the analyzer is insensitive to incoming
pulses is referred to as the dead time.
The extremely high resolution of Ge(Li) and Si (Li) detectors has
produced an increasing need for more channels for storage of information
in the ever narrowing full energy widths.

To realize the full advantage

of their improved resolution, the true response characteristics of the
ADC must he known for accurate energy measurements to he made.

The

major contrihutions of the ADC to deviations from true linear energy
response for the detector-analyzer system

are its non-linearity of the

ramp and its electronic instability over extended periods of time.

The

overall linearity is a combination of both the integral linearity and
differential linearity.

Integral linearity refers to the input pulse

height versus channel peak location linearity, while differential
linearity refers to the equality in energy, or pulse height width, ‘of
the individual channels.

Two pulse height analyzer systems were used in this experiment.
One was a single parameter system consisting of a Nuclear Data model
161F H096 channel ADC, a Nuclear Data model 181MR 102U channel memory
and readout unit, a cathode-ray tube display, and a Tally model 1*20
paper tape punch.

The ADC had a 16 mHz digitizing rate.

accepted 0-10 volt pulses.

The input used

The integral linearity of the ADC was

measured to be 0.025# over 90# of the ramp.^

The dual parameter

system employed was a Nuclear Data 50/50 system, the components of
which included two Nuclear Data model 2200 1*096 channel ADC’s with
50 mHz digitizing rates, & two parameter ADC control, a 1*096 channel
storage and display unit, a singles sampler unit and a Digital
Equipment Corporation PDP-8/L digital processor.

Peripheral devices

used included an ASR-33 teletype, a display oscilloscope, and a
Peripheral Equipment Corporation 9 track 800 BPI magnetic tape transport
unit which was interfaced to both the storage and display unit and the
PDP-8/L.

To distinguish the ADC’s from one another, they were denoted

as the x- and the y-ADC.

They were interfaced both to the storage

and display unit and to the PDP-8/L.
pulses of 0-10 volts magnitude.

The inputs of the ADC's accepted

The integral linearity of the ADC used

for single parameter work (denoted as the x-ADC) was measured (see
Chapter U) to be 0.036# over 90# of the ramp.

With this system, single

parameter analysis could be performed using hardwire switches or under
computer control.

The dual parameter storage allowed matrix storage of

the data in arrays of 2n x 2m where the sum of the integers n and m was
less than or equal to 12.

Data of the matrix memory could be displayed
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In a three dimensional format or a two dimensional format with any
two axes.
Single parameter spectra taken in this experiment were usually
accumulated with the Nuclear Data 50/50 system using the x-ADC.
Data were read out on magnetic tape compatahle with the L.S.U. IBM
360/65 computer.

However, the Nuclear Data l6l system was used when

equipment scheduling problems with other workers in the lab prevented
use of the larger system and/or when only small energy ranges of a
given radioactive source were examined.
A computer controlled gamma-gamma coincidence experiment was
performed utilizing the Nuclear Data 50/50 system in the dual parameter
mode.

A block diagram of the system as used for this experiment is

presented in figure 3.2.

Two Ge(Li) detectors and an Ortec UUO and

a Tennelec TC 200 amplifier were used in the experiment.

The bipolar

output of each amplifier was Bplit, one part went to a timing single
channel analyzer (TSCA) and the other part went to a ADC.

The signals

going to the ADC's were first routed through a delay amplifier to ensure
that they did not reach the ADC before the gate pulse from the
coincidence unit.

In this experiment, the internal delay of 2 micro

seconds in the Ortec HU0 amplifier was used for the signal from that
amplifier.

A delay amplifier with unity gain and variable switch

selectable delay times was interposed between the Tennelec TC 200 and
the input to the ADC.

Both timing single channel analyzers used were

Ortec model U20 TSCA's which utilized the crossover pickoff technique
for timing measurements.

The TSCA's were operated in the integral mode
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(no energy restrictions on input signals).

The output of both TSCA's

were fed to an Ortec klkA fast coincidence unit which produced a logic
pulse (5 volt magnitude and 500 nanoseconds wide) when the signals from
the two TSCA's arrived within a prescribed time interval relative to one
another.

This time interval was denoted as the 2t resolving time.

A

number of pulse pairs incident on the coincidence unit from the two
TSCA's which satisfied the timing requirements were not actually true
coincidences, but rather chance, or accidental, coincidences.

The

number of such pulses, Nc, was:
Nc a 2tNxN2
where

(3.2)

and N2 are the number of pulses per second from two sources of

uncorrelated pulses.

Therefore, the true number of coincidences was

obtained by subtracting the chance coincidences from the total recorded
coincidences.

The output pulse of the coincidence unit waB sent to a

pulse stretcher which reshaped the pulse to make .it suitable for the
.coincidence inputs of the ADC's.

For coincidence experiments, the ADC

gates were operated in the coincidence mode such that signals from the
amplifiers arriving at the input of the ADC's were accepted for analysis
only if the gates had been opened by a logic signal from the coincidence
unit.

A singles sampler unit was interposed between the pulse

stretcher output and the ADC coincidence gates for the purpose of peri
odically sampling the singles spectra of the x- and y-ADC.

The sampler

unit did this by periodically opening the coincidence gate on each ADC,
thus removing the coincidence requirement and allowing each ADC to
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operate in a singles mode for a preset time.

Pulses acceptable to the

ADC's, either because they satisfied the coincidence requirement or
because they arrived at the ADC when the singles sampler had removed the
coincidence requirement for that ADC, were processed as explained
earlier.

Subsequently, for each ADC, the number of digital pulses

produced by the ADC for that pulse, i.e., channel location, was
displayed in the ADC's 12 bit address scalar.

If one ADC was being

sampled for singles, a zero was registered in the other ADC address
scalar, corresponding to the zeroth channel.

A series of operations

was then initiated in the two parameter ADC control unit which
ultimately resulted in the transfer of the information from the two
separate 12 bit address scalars into a single 2k bit memory register.
This register was part of a buffer area consisting of 256 channel
memory register set aside by the computer program BUFFER TAPE+ to
temporarily store the coincidence data which essentially consisted of
(x,y) coordinate pairs.

The data from the x-address scalar was trans

ferred to the 12 least significant bits of the memory register.

The

individual memory registers in the buffer area were sequentially
addressed until the buffer area was filled.

Then, under computer con

trol, a clear and transfer operation dumped the contents of the buffer
area onto magnetic tape.

In this manner, detected coincidences and

periodically sampled singles were recorded for subsequent data analysis.
Energy gates of interest, using either detector as the gating detector,
were then chosen.

The data on magnetic tape was examined under

■^Copyright 1970, Nuclear Data Corporation, Palatine, Illinois
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computer control such that, for a given energy gate, the appropriate
coincidence pairs vere picked off and stored to huild up the coin
cidence spectra for the gate of interest.
as the gating detector in this experiment.

The y-detector was defined
The computer programs

BUFFER TAPE and DIGITAL GATES’!” were used to extract data from the tape,
examine the data, and either store or discard each piece of data hased
on whether or not it fell within certain prescribed gates.

BUFFER TAPE

extracted the coincidence pairs in blocks of 256 from magnetic tape and
deposited the data in the designated buffer area of the same size in
the computer memory.

The program DIGITAL GATES then sequentially

deposited each coincidence pair in channel 1*096 of the memory storage
and display unit for examination.

The y-coordinate (last 12 bits of

the 2l* bit memory register) of each pair was monitored to determine if
it fell within any of the gates of designated channel width set by the
operator.

These gates corresponded to energy intervals containing

either a photopeak or a background region of interest.

If the

y-coordinate was found to lie within one of the specified gates, the
gate number was counted and the x-coordlnate (first 12 bits of the 2l*
bit memory register) was read and the address scalar in the channel of
the storage and display unit which corresponds to this x-coordinate
was increased by one.

A more detailed explanation, with flow diagram,

of DIGITAL GATES can be found in reference 70. After each coincidence
pair in the buffer area was monitored, BUFFER TAPE cleared the memory

+Copyright 1970, Nuclear Data Corporation, Palatine, Illinois

and deposited the next 256 pairs from magnetic tape.

In this

manner, the coincidence spectra for energy gates of Interest were
obtained.

CHAPTER IV
EXPERIMENTAL PROCEDURE
A.

Introduction

This chapter is devoted to a description of procedures used to
gather and study gamma-ray and conversion electron spectra.

Section

B describes the procedures used to prepare the radioactive sources
which were used in the spectroscopy experiments.

The physical

quantities which these type of experiments strive to measure are the
energies and intensities of gamma rays and conversion electrons emitted
hy the source under study. The methods used to measure these quantities
are discussed in sections C and D.

The methods used in the analysis of

gamma-ray and conversion electron spectra are discussed in section E.
A discussion of the procedure used for the gamma-gamma
1Alim »
coincidence experiment with
,eRe is reserved for Chapter 5, which
covers in detail the results obtained in the study of the decay of

l81*m.gRe.
B. Source Production
1. • l8^*gRe
The radioactive source of 38 day l8l*sRe and its 165 day metastable
state ^^^Re was produced by the
Argonne National Laboratory.

(d,2n) ^®^Re reaction at the

18U
The target material consisted of ^ W

isotopically enriched to 9k,2% in the chemical form of WO3. A deuteron
energy of 12MeV was used in order to minimize the
reaction.
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^8Sf (d,3n) ^^Re

6l

The chemical separation’*' of radioactive rhenium (Re) from
tungsten (w) was accomplished in the following manner.

The irradiation

sample was dissolved in WaOH and then methyl-ethyl ketone (MEK) was
used to extract the Re activity from the tungsten.

The MEK containing

the Re activity was passed through an ion-exchange column of 100-200
mesh acid form AlgO^ to remove the NaOH and any residual W.

As a final

step in separating materials other than Re from the source, the MEK
was boiled to dryness and the Re activity residue was dissolved in a
mixture of concentrated HgSO^ and HBr.

The Re activity in this medium

was used for gamma-gamma coincidence measurements.

After these

measurements were made, this solution was used to distill the Re activity
into cold HNO^ which was subsequently boiled off.
to form a plating solution of (NH^JgSO^

Then, NHj^OH was added

The Re activity was plated

onto a piece of 1 mil platinum foil, and this source was used for
gamma-ray as well as conversion electron spectroscopy.

The only

detectable contaminant present after the chemistry procedure was l83Re
(Tjg = 71 days) which haB only low energy transitions (less than ^00 keV).
Another source of •1-®^ni»eRe was produced by the ^®^Re (Y,n) "^Re
reaction, using 20 MeV gamma rays from a linear acceleration at Gulf
Atomic, Inc.

Natural Re was used as a target.

This source was not

used for gamma-ray energy and intensity measurements because it was too
weak to obtain adequate counting statistics in a reasonable amount/of
time with Ge(Li) detectorB.

This source had more

Re impurities and

^Procedure obtained from Lyle Mclssac, Aerojet Nuclear Corporation,
Idaho Falls, Idaho.
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less l8^mRe than the source produced from the

(d,2n) ^8^Re reaction.

Therefore, comparison of spectra taken of the two different sources
served as an aid in the assignment of observed gamma-ray transitions in
the decays of l83Re, l8l*gRe, and l8N e .
2.

l6% e and l88Re
The 90 hour

186
Re activity was produced by thermal neutron

irradiation in the Georgia Tech Research Reactor.

The target material

was metallic Re isotopically enriched to 96.7$ ^®”*Re. The irradiated
source usually arrived at our lab 12 to l6 hours after irradiation.
The only detectable impurity was 16.7 hour

l88
Re.

decay for at least U8 hours (three half-lives of

Ry letting the source
188

Re), the intensity

of the -*-88Re spectral lines with respect to the ^8^Re spectral lines
diminished such that they did not interfere with energy and intensity
measurements of the 186 Re spectral lines.
short half-life of

Because of the relatively

T 8f^

Re, the expense of isotopically separated

*iOc

^Re,

and the desire to make several measurements of the energies of the
spectral lines observed in the decay of "^Re, one milligram of ^**Re
was sealed in a small polyethylene vial so that the target material
could be irradiated several times.

After gamma-ray energies were

determined, the sample was again irradiated for the purpose of making
intensity measurements.

Upon receipt of the freshly irradiated sample,

the vial was opened and the target material was removed from the vial
by dissolving it in concentrated (30$) hydrogen peroxide (HgOg).

The

activity, in liquid form, was then deposited on several cardboard source
mounts with cellophane tape backings and dried under a heat lamp.

The

drying operation was critical in that excessive heat caused the HgOg
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to "fizz", and the fizzing action spread radioactivity for a radius of
about one foot.

The samples of varying activities were used for

intensity measurements, the weaker ones being used first and the
stronger ones being used as the samples aged through several half-lives.
The 16.7 hour

l88
Re activity was also produced by thermal neutron

irradiation in the Georgia Tech Research Reactor.
was metallic Re enriched to 99*2$ ^®^Re.
were 90 hour ^®^Re and 15 hour ^Na.

The target material

The only impurities noted

The spectral lines of ^^Re were

very weak compared to surrounding spectral lines in
interfere with any measurements.

l88
Re and did not

The only observed transitions from

the ^Na contaminant were the 1368.6 keV gamma ray and the second
escape peak of the 275^ keV gamma ray.

A similar procedure was used

for making energy and intensity measurements of the spectral lines of
l 8d

Re as was used for

186

Re.

The only difference was that the target

material was removed from the polyethylene vial by using 6n hydrochloric
acid (HCl) instead of HgOg.

While the HC1 did not "fizz" as did the

HgOg, it did not dissolve the target material as easily.
C.

Gamma-Ray and Conversion Electron Energy Measurements

Accurate energy measurements of gamma rays and conversion electrons
accompanying the decay of a radioactive isotope are important parameters
in establishing the decay scheme of the daughter isotope.

Therefore, a

brief discussion of the method used to measure the energies will be
given here.
As discussed in Chapter 3, the incident particle (gamma ray or
electron) loses all or part of its energy to the detector upon entering

6U

the sensitive area of a Ge(Li) or Si(Li) detector.

This produces a

voltage pulse directly proportional to the amount of energy which the
incident particle has transferred to the detector.

The pulse is then

linearly amplified, digitized and stored in a memory unit.

Therefore,

the relationship between the .energy of the incident particle and the
channel location of the full energy peak is a linear one providing the
analyzer electronics are linear.
The energy of a gamma ray can be determined by relating the channel
location of its full energy peak to the locations of two or more gamma
rays whose energies are well known.

The peak location and known

energies of the calibration sources are used to make a linear leastsquares fit of gamma-ray energy versus channel location.

If its channel

location is known, this fit then enables the experimentalist to
determine the energy of the gamma ray of interest.

Many isotopes have

more than one gamma-ray transition (usually as many as fifty or sixty)
in their energy spectrum.

To accurately measure their energies, a

spectrum is acquired which contains the gamma rays of the isotope of
interest as well as the gamma rays of one or more isotopes whose
energies are well known, the object of such a spectrum being to
calibrate the more prominent peaks of the isotope under study.
main considerations in this process are:
1)

To bracket, as much as possible, each of the prominent
uncalibrated gamma rays with two or more calibrated
lines within 100-200 channels of the uncalibrated peak.

2) To space the sources from the detector such that the
relative intensity of the gamma rays of the calibrated

The two

sources in the spectrum acquired by the detector
system is of the same order of magnitude as the
relative intensity of the uncalibrated gamma rays.
After the energies of the prominent gamma rays emitted by the
isotopes of interest have been calibrated, several spectra of just the
isotope are accumulated.

These spectra are used to calibrate the less

intense gamma rays by using the energies of the prominent gamma rays as
internal energy standards.

This is necessary because the full energy

peaks and Compton backgrounds of the calibration sources often obscure
the lower intensity peaks of the isotope.

The energies of conversion

electrons from Si (Li) detector spectra are measured in a similar way,
however, the process can become quite laborious as there may be up to
five conversion electrons for every gamma ray that appears in a
spectrum.
The accuracy of the energy measurements of gamma-ray or conversion
electron spectral peaks depends on the accuracy of the calibration
energies, the accuracy of the peak locations, and the goodness of the
energy versus channel location weighted least-squares fit.

The gamma-

ray calibration sources used in this work are given in table l+.l.
These are the result of an exhaustive search of the literature by
60
Keller 7 in which the most consistent set of high precision
measurements reported were used to obtain a weighted average of the
energy for each gamma ray.
The uncertainty of spectral peak locations for a given detector
system is affected by gain and pulse shapes produced by the preamplifier

Table *.1« Calibration sources and energies.

Isotope

Energy (keV)

Isotope

Energy (keV)

2S

m

59.536 ± 0.001

l82Ta

8*.678 ± 0.003

^Tiu

112.952 ± 0.003

100.102 ± 0.002

208.359 ± 0.010

113.671 ± 0.003

122.060 ± 0.010

116.*1* ± 0.00*

136.*71 ± 0.010

152.*29 ± 0.003

l^Ce

11*5.1*1+3 ± 0.00*

156.389 ± 0.00*

203Hg

279.190 ± 0.007

179.392 ± 0.005

198Au

*11.795 ± 0.009

198.358 ± 0.008

85Sr

513.97* ± 0.016

222.10* ± 0.005

207Bi

569.6*0 ± 0.020

229.317 ± 0.008

1063.628 ± 0.035

26*.068 ± 0.009

5T0o

192Ir

661.631 ± 0.028

5*Mn

83*.797 ± 0.029

308.*29 ± 0.010

897.998 ± 0.028

316.*86 ± 0.010

1836.077 ± 0.0*0

*68.053 ± 0.01*

1173.226 + 0.0*0

588.557 ± 0.017

1332.*83 ± 0.0*6

60*.385 ± 0.017

1691.018 ± 0.0*0

612.*35 ± 0.017

CO

CO

13Tcs

oo
o

VO

12l*Sb

295.938 ± 0.009

88*.*95 ± 0.020
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and amplifier and the stability of the electronics.

Therefore, for

optimum performance of a detector system, the gain and pulse shapes
produced by the preamplifiers and amplifiers must be properly adjusted.
However, the only real control over electronic stability of the
system, other than the inherent electronic components of which it is
constructed, is to insure properly regulated environmental conditions.
The weighted least-squares fit of energy versus channel location
would contribute negligible uncertainty if the detector electronics
system was perfectly linear.

Unfortunately, amplifier-ADC systems

do not have a truly linear response.

To insure precise spectral peak

energy measurements, it is important to measure as accurately as
possible the nonlinearity of the amplifier-ADC system.

There are two

methods widely employed to measure system nonlinearity.

One method,

described by BlackT1 « uses a precision mercury relay pulse generator
which is extremely linear and stable.

The other method, as described

by HeathT^ » uses radioactive sources with well calibrated gamma-ray
energies.
The detector system whose linearity was measured in this work
consisted of a 8 cm^ coaxial Ge(Li) detector with an Ortec ll8A
preamplifier, an Ortec UUO amplifier, and a U096 channel Nuclear Data
2200 ADC of a Nuclear Data 50/50 System.

The preamplifier gain setting

was 10, the amplifier time constant was set at U microseconds for
unipolar output pulses, and the 10 volt input of the ADC was used.
Initially, the system nonlinearity was examined using a precision pulse
generator because of the simplicity and large number of data points
which can be obtained by this method.

However, it was found that the
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response of the available pulse generator was not as linear as the
response of the amplifier-ADC system.

Therefore, the pulse generator

method of measuring linearity was abandoned.
The method which utilizes radioactive sources with well calibrated
gamma-ray energies was then employed.

The sources and their gamma-ray

energies used in the system nonlinearity determination are listed in
table U.l.

Spectra were accumulated using as many calibration sources

as possible such that the number of gamma rays with calibrated energy
In the spectra was maximized and the number of overlapping gamma rays
was minimized.

The spectra were analyzed using a computer routine^*^

known as GAUSS.

This routine fit a Gaussian function to each photopeak

and then located the centroid of the peak.

Each peak could then be

described by its energy (with its uncertainity) and the channel location
of the centroid (with its uncertainity).

Two peaks were chosen as "tie"

points and theBe points in turn defined a "tie" line.

A zero shift was

applied to this line as well as the experimental data points.

The tie

line is the response that the amplifiers and ADC would have if it were
truly linear with no zero shift.

The tie line and the experimental

points were used to determine the actual deviation from linearity for a
specific channel.

This was accomplished by measuring the energy

difference between the experimental value and the value from the tie
line for that particular channel location and then dividing the energy
difference by the slope:(conversion gain) of the tie line (see figure
U.l).

The result of this calculation was the deviation from linearity

for the channel in question.

Weighted least squares polynomial fits

CHANNEL

response of a typical
system ^

Ti" point

AE
response of a linear system

tan a = analyzer conversion gain
(keV/channel)
5C = AE/tan a

Ti" point

ENERGY (keV)
Figure U.l.

The linearity of a pulse height analyzer system. The nonlinearity at
channel C is 6C.
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of various degrees were applied to the experimental deviations.

The

polynomial fit of lowest degree which minimized deviations from
experimental points and polynomial function points was chosen, provided
the polynomial was a slowly varying smooth function over all ADC
channels, except possibly those on the extremely high or low end of ■
the ADC ramp.

Several spectra were accumulated for two amplifier gains.

The nonlinearity exhibited conversion gain dependent behavior and,
therefore, two nonlinearity correction curves were computed.

The con

version gain for a particular gamma-ray spectrum determined which curve
was used for corrections.

Ordinates of the nonlinearity polynomial at

specified abscissae were stored in a subroutine of the computer
used to analyze gamma-ray and conversion electron spectra.

program^

The

linearity curve for a conversion gain of 0.37 keV/chan is shown in
figure k.2.

The curve above channel 3800 is dashed because there were

no data points in this range and therefore this portion of the curve is
uncertain.

The deviation from linearity was no more than 1.3 channels

from channel 200 to channel 3800 of the ADC (0.036$).
To test the validity of the nonlinearity measurements, spectra of
the isotope

y Eu were taken.

The energies of this isotope have been

accurately measured in this lab by Relief9 . The channel locations
were determined and corrected for zero-shift and nonlinearity.

A first

degree weighted least squares energy versus channel fit was then made
for these calibrated energies.
calibration fit.

Table k.2 shows an example of such a

The fifth column contains the difference between the

calculated energy and the true energy.

For twelve of the twenty-four

20

CORRECTION

(CHANNELS)

Deviation from Linearity
LSU IDO,ORTEC II8A
ORTEC 440, N0-2200 System

3000

CHANNEL

-20

Figure U,2 The experimentally measured linearity correction
curve for the 8 cm^ Ge(Li) detector system.
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Table 1+.2. A linear least squares fit of the calibration energies of
the principal gamma rays from

15I1

Eu.

The values in column

two are obtained from column one after applying a zero
shift and nonlinearity correction for that channel.
conversion gain was 0.36 keV/channel.

The

All energies are

in keV.

Channel

Corrected
Channel

338.737

339.851

123.070

123.068

- 0.002

0.010

518.1+91

519.979

188.260

188.297

0.0 3 7

0.020

682.737

681+.555

21+7.890

21+7.895

0.005

0.010

1105.936

1108.371+

1+01.320

1+01.371

0.051

0.1 3 0

1221+.632

1227.161+

1+1+1+. 1+1+0

1+1+1+.388

- 0.052

0 .1 3 0

1317.972

1320.550

1+78.250

1+78.206

-0.01+5

o.oi+o

1536.672

1539.270

557.570

557.1+10

- 0 . l 60

o.oi+o

1601+.736

1607.317

581.970

582.052

0.0 8 2

0.030

1631.1+1+3

1631+.015

591.710

591.720

0.010

0.0 2 0

1723.1+51

1726.071

625.270

625.056

- 0 . 211+

0.060

1909.537

1911.91+0

692. 1+00

692.361+

- 0.036

0.030

1991+. 889

1997.218

723.265

7 2 3 .2 U5

- 0.020

0.020

2087.1+50

2089.693

756.770

756.733

-0 .0 3 7

0.030

221+9.578

2251.658

815.1+50

815.385

-0 .0 6 5

o.oi+o

2332.393

2331+.390

81+5.350

81+5.31+1+

- 0.006

0.030

21+09.151

21+11.071

873.150

873.113

- 0.0 3 8

0.030

Energy

Calculated
Energy
Delta E

Uncertainty In
True Energy
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Table U.2.

Channel

(Continued)

Corrected
Channel

Energy

Calculated
Energy
Delta E

Uncertainty In
True Energy

21*63.1*72

21*65.339

892.680

892.761*

0.081*

0.030

2U9U.78U

21*96.620

90l*.050

90U.092

0.01*2

0.060

271*9.1*07

2751.028

996.250

996.220

-0.030

0.030

2772.778

277^.382

1001*.700

100U.677

-0.023

0.030

3115.Hl6

3116.827

1128.380

1128.686

31U8.089

311*9.1*87

111*0.61*0

111*0.513

-0.127

0.100

31*1*0.026

31*1*1.307

121*6.150

1256.189

0.039

0.01*0

3518.131

3519.3731

127l*.l*20

127l*.l*59

0.039

0.01*0

0.0306

0.060

energies, this difference is equal to or less than the uncertainty in
the calibration energy.

Therefore, using a detector system with well

known linearity characteristics and calibration sources with well
calibrated energies, it is possible to make precise gamma-ray or
conversion electron energy measurements for the spectral lines of the
isotope of interest.

Although precise energy measurements are very

important, it is just as important to accurately know the uncertainty
of the energy measurements.

The uncertainty of the energy measurements

was taken to be the largest of:
1)

the uncertainty in the weighted average of the individual
measurements of each line,

2)

the RMS deviation of the individual measurements from the
average, or

3) the minimum uncertainty of calibration energies in the
energy range being considered.
D.

Gamma-Ray and Conversion Electron Intensity Measurements

Accurate gamma-ray and conversion electron intensities, i.e.,
isotopic emission rates, are also important measurable parameters of
a radioactive isotope if one is attempting to establish the decay
scheme of the daughter nucleus.

In this experiment gamma-ray

intensities were particularly important in experimentally testing
various theoretical models of the nucleus.

In addition, conversion

electron intensities are important quantities because they can be used
in conjunction with gamma-ray intensities of an isotope to facilitate
the identification of multipolarities of transitions associated with
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the decay of the isotope.

This in turn aids in the identification of

spins and parities of various energy levels in the decay scheme

of

the daughter nucleus.
Gamma-ray intensities were measured in this work using Ge(Li)
detectors.

To do this, each spectral peak, minus the underlying

background, is fit to a Gaussian function and the area under the
Gaussian function is then divided by the photopeak efficiency for the
corresponding energy.

The accuracy with which a gamma-ray intensity

can be measured then depends to a large degree on how precisely the
photopeak efficiency for the detector has been determined.

The

photopeak efficiencies used in this work were measured and discussed in
detail by Keller^ and only a brief discussion of Ge(Li) gamma-ray
detector efficiencies will be given here.
The fraction of gamma-rays of a given energy from a source which
interacts with the detector is called the absolute detector efficiency,
T(E), and is a function of the total absorption cross section for the
detector.^

Ideally, the relationship between the total number of

counts from one gamma ray, N^, and the isotropic gamma emission rate,
1L,
o* of the source would be:
N
= N T(E)
Y
o

(U.l)

However, this relation does not hold in practice because of radiation
Compton scattered by the surroundings.

This makes it very difficult in

most cases to calculate the isotropic emission rate of gamma rays
emitted by a source using the absolute detector efficiency.

Because
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this scattered radiation is of lower energy than the initial gamma-ray
energy, a better method of measuring the gamma emission rate is to use
the photopeak efficiency, ^(E).

This is the fraction of gamma rays of

a given energy E emitted which appear in the full energy peak, i.e.,
photopeak, of a gamma-ray spectrum.

The effect of scattered radiation

is virtually eliminated by this method and, therefore, allows more
precise measurement of gamma emission rates.

The exact relationship

for the photopeak efficiency is:
N
ep (E)

= _JL

(U.2)

V
where I is the photopeak counting rate for a gamma ray of energy
Jr

E, Nq is the isotropic emission rate, and A is the attenuation factor
due to detector housing and any beta absorber used.

By using a

standard beta absorber, a photopeak efficiency defined as ASp which
includes all energy dependence, can be measured using the equation

To insure accuracy in the measurement of Ae , monoenergetic sources,
br

or sources with spectra that produce negligible coincidence summing of
gamma rays, are used to reduce the uncertainty in the measurement of
the photopeak area, N . Additionally, the isotropic gamma rates, N0, of
XT

these sources are precisely determined using Nal(Tl) scintillation
detectors so that the uncertainty in this quantity is a minimum.

By

carefully measuring Aep over the energy range for which the detector is
to be used, one is able to precisely calculate gamma-ray intensities of
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the source under study using the measured photopeak efficiency of the
detector.

Using appropriate sources as described above, Keller^

Q
was able to measure the absolute photopeak efficiency of the 8 cm
Ge(Li) detector used in this work with an accuracy of 5%.

The 5% error

included an error of less than 1% in the calculated photopeak areas,
an error of 3% in the isotropic gamma emission rates, and a k%
systematic error.
Conversion electron intensities were measured in this work with
the use of Si(Li) detectors.

To measure the relative intensity of a

conversion electron peak, the area (number of counts) of the peak in
the recorded spectra was calculated and then divided by the efficiency
of the detector for that source geometry and energy.

The relative

conversion electron efficiency curve for the Si(Li) detector at a
distance of one centimeter used in this work was constructed from
independent electron data taken from the decay of 77 day

Dy by

Blanchard^0 and further verified by this author using transitions of
15li
16 year
Eu known to be pure E2 or El multipolarity. The gamma-ray
intensities of "^Eu are those measured by Keller^, and the conversion
electron areas for these transitions were measured from spectra taken
with the Si(Li) detector by Blanchard^0. The efficiency, e, is given by:

where N

is the measured area of the conversion electron peak and NQ

Jr

is the isotropic emission rate.

Np was determined by hand analysis

for peaks which had noticeable low energy tailing.

All other spectral

peaks were analyzed using the computer routine^* 7*+ vhich fit the
spectral peaks to a Gaussian function and then calculated the area
under this function.

The quantity N0 was not measured directly, hut

rather was calculated using the expression:
No
“theory = K —

(1(_5)

where ^theory is the theoretical conversion coefficient of Hagar and
Seltzer

for the transition whose conversion electron peak area, Np,

has "been determined, Iy is the gamma-ray intensity of the same
transition, and K is an

arbitrary normalization constantcalculated by

assuming an efficiencyof 100$ for an arbitrary conversion electron
energy, i.e., N0 = Np . Equation U.5 can be rewritten as
N0 = “thgory V.
K

(U.6)

Substituting this expression for N0 in equation U.4 gives
NK
e a ---- £----

(U.T)

°theory
1 5 ll

Table U.3 shows the

Eu data used by this author for relative

efficiency calculation for the Si(Li) detector and figure ^.3 shows
the relative efficiency curve derived from the data of 77 day ^°Dy
and •L'^Eu.

Above 500 keV, an error of 10$ is assigned all points on

the relative efficiency curve on the basis of the error in the
quantities used to derive the curve.
efficiency is 100$,

Below 500 keV, the relative

Table 4.3, Experimental data for relative efficiency calibration of 80 mrn^ x 2 mm Si(Li) detector.
Conversion Electron
Assignment
Energy (keV)a'

c(L)

3*^
a x 10

Ic)
Y

od)
N x 10-J
P

Relative
Efficiency

123K

E2

197.8e)

248K

E2

81.6

16.44 (56)

956.6 (559) 5 1.0

240.1

248l

E2

22.9

16.44 (56)

250.7 (44)

0.934 (73)

706.5

757K

E2

4.24

10.46 (26)

28.6 (5)

0.907 (63)

822.9

873K

E2

3.11

29.13 (61)

52.4 (6)

0.811 (58)

842.5

892K

E2

2.97

1.19 (6)

1.8 (3)

0.725 (130)

864.9

873L

E2

0.466

29.13 (6l)

6.3 (5)

0.646 (66)

946.0

996k

E2

2.35

25.46 (77)

33.0 (6)

0.774 (59)

954.4

1004k

E2

2.31

43.98 (114)

53.9 (5)

0.744 (54)

1223.9

1274k

El

0.627

87.11 (199)

20.7 (6)

0.542 (10)

72.8

662

100.0

(18)

47,100

(2507)

0.998 (88)

a)

' The conversion electron energies are from reference 70.
13^ These are theoretical conversion coefficients from reference 26.
c) The gamma-ray intensities are from reference 69.
g)

This is the area (in counts) under the spectral peak without efficiency corrections.
The detector relative efficiency at this energy chosen arbitrarily to be 1.0, The constant, K,
was calculated to be 1.40 (10).
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Figure U.3 The relative efficiency curve for the 80 mm2 x 2mm Si(Li) detector.
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E. Data Analysis
1.

General Comments
The Ge(Li) or Si(Li) detector coupled with a U096 channel

analyzer gives one the ability to gather tremendous amounts of data in
a relatively short time.

To obtain maximum knowledge from this data,

much attention has been given to the rapid and accurate analysis of
gathered data.

Digital computers are a useful tool in this regard

because of their ability to store large amounts of data and perform
high speed calculations with the data.

These aspects tremendously

enhance the amount of information from experimentally measurable
quantities of the nuclei and thereby lead to a better understanding
of the nucleus itself.

Also, many experiments heretofore impossible

can be readily pursued with this sophisticated instrumentation.
This author has found from experience that a novice
experimentalist in the field of nuclear spectroscopy can be easily
mislead by the ability of the available instrumentation (hardware and
computer software) with all these capabilities.

He is tempted to

believe that an experiment can be performed by simply mounting a source
near the detector, turning the equipment on, gathering the data, and
letting the computer analyze the data.

After some attempts at this

method of experimentation, one usually realizes that the ability of this
equipment makes it even more important to obtain a thorough understanding
of the equipment operation and of the problem one is to investigate.
In doing so one derives maximum benefit of the available instrumentation.
He is then better able to use this instrumentation for its proper
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purpose, which is to assist the experimentalist in making an overall
analysis of data collected for the purpose of obtaining a clearer
understanding of the nucleus.
2. Methods of Analysis
Using the Ge(Li) and Si(Li) U096 channel spectrometer systems,
gamma-ray and conversion electron spectra vere accumulated in the
system memory.

Subsequently, data was transferred from the memory to

punched paper tape or magnetic tape.
transferred to computer cards.

The data on paper tape was

The magnetic tape was compatible with

the magnetic tape transports for the L.S.U. IBM 360/65 computer which
was used for spectral analysis.

The accumulated spectra were plotted,

using the computer routine SPL0T, to aid in analysis of the spectral
peaks.

SPL0T accepts either card or nagnetic tape input.

Hard copies

of the data which this program can produce include plotted spectra,
punched decks of cards.,, and/or files on magnetic tape.

Qhe spectral

plots are used to obtain information regarding spectral peaks and
underlying Compton backgrounds.

This information is then entered as

73 7h
data to the computer program GAUSS' *' which is a non-linear least
squares Gaussian fitting program.
GAUSS is used to determine spectral peak locations and areas.
Other data entered in the program are the nonlinearity deviation of the
amplifier-ADC system, energies of spectral peaks used for energy
calibration, and detector efficiencies.

GAUSS uses these parameters

to calculate energies and intensities of spectral peaks.
points of a peak are fit by using the functional form

The data
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(U.8)

where the parameters xQ, the centroid of the Gaussian, yQ, the height
of the Gaussian, and wQ, the full width at half height (fwhm) are
calculated in the fit.

The area of the spectral peak is calculated

using the Gaussian area

TT
In 2

ik.9)

The computer routine is designed so that the peak fitting
parameters and their uncertainties are determined by an iterative
process.

These parameters are used to calculate the peak area and

uncertainty in areas. Peak locations are then corrected for nonlin
earity deviation.

Least-squares linear and parabolic energy versus

channel.fits are obtained from.the peak locations and specified
energies of chosen calibration peaks.

These fits are used to compute

enerjgieis of other spectral peaks. After peak energies' have been
calculated, the program calculates Intensities using computed peak
areas and input detector efficiencies.
The program GAUSS was used as an aid in analyzing essentially all
spectral peaks in this experiment.

The notable exceptions were low

energy conversion electron peaks with excessive low energy tailing.
When there were doubts in the results of a computer fit of a Gaussian
to a peak or combination of peaks, they were reanalyzed by hand.

CHAPTER V
THE DECAY OF l81*m »SRE
A.

Introduction

The 'L®^Re nucleus has a 165 day isomeric state (^^Re) at 188 keV
s

above the 38 day ground state ('^sRe).

All the

activities

produced for this experiment (see section B of Chapter U) contained the
isomeric and ground states of this isotope.

The investigation of the

decays of these activities is presented in this chapter.
l8^mRe has two competing routes of decay.
capture decay to the high spin levels of
indicate that the decay route is to
of the time.

181*0-

The 165 day

One route is the electron
18^
W.

Transition intensities
18U

Re 7°% of the time and to

W

The 38 day ^8^®Re decays by electron capture to the

lower spin states of
18U
The nucleus
W lies at the low-mass end of the transitional
region between the strongly deformed rare-earth nuclei and the
spherical nuclei.

The present experimental knowledge of the level

structure of this nucleus is the result of data gathered in several
16k
76-85
investigations of the decays of the
Re isomers
, a recent study
of the beta decay of 8.7 hour *^N?a^, (d,p), (d,d'), and (n,y) reaction
87-91
92
studies
, and a recent Coulomb excitation study . These studies
181*
have provided a reasonably well defined level scheme of
W from
0-2 MeV.
iBk

An overall investigation of the
W level scheme as seen from
18U
the decay of the two
Re isomers was conducted in an effort to
further refine the present level scheme, especially those aspects
8U
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relating to the hand structure of

Iflli
W.

Both the gamma-ray and conver-

sion electron spectra following the decay of the

iQb

Re isomers were

studied, with special interest focused on the interhand transitions.
The 0+ and 2+ members of the K = 0 quadrupole hand (heta hand)
were initially identified in the (n,y) study of Paler et al.^-,
however only the 2+ level has heen definitely observed in previous
decay Btudies.

Furthermore in the course of this work the 0+ and 2+

members were observed in further (n,y) reaction studies®^and in a
OQ
(d,df) reaction study . It was considered important to corroborate
by decay studies the band head location determined by (n,y) and (d,d*)
experiments.
Section B is devoted to the presentation of results of gamma-ray
and conversion electron energy and intensity measurements and
experimental internal conversion coefficients.

Gamma-gamma coincidence

work is discussed in section C and section D is devoted to a general
discussion of the decay scheme.
B.

Experimental Results
181).
The deuteron produced
Re source was studied over a period of
1I4 months.

The only identifiable contaminant was 71 day ^®^Re.

In the

time span that the source was studied, the two isomers (38 day ^®^sRe
and 165 day - ^ mRe) were not in secular equilibrium and therefore the
only gamma-ray transitions that maintained constant intensity ratios
were those which emanated from the same levels of

18U
W.

An energy

spectrum of the gamma rays emitted by the source, at an age of 2.5
months, as recorded with the 30 cm^ Ge(Li) detector system is shown
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in figures 5.1 - 5*2.

The magnitude of the •L®1*mRe activity was 5$ that

of the ^®^®Re activity at that source age.

To demonstrate how the

relative intensities of the various transitions associated with the
decays of

l8Um
l8Ue
Re and
6Re change as the source ages, the spectrum

of a 6.5 month old source as recorded with the same detector system is
presented in figures 5.3 and 5*^.

At this source age, the relative

magnitude of the 'L^ InRe activity had increased such that it was 25$
that of the ^ ^ R e activity.

Spectral lines associated with the ^®^Re

contaminant and spectral lines which are a part of the surrounding
radiative background .in the lab are so identified.

The platinum x-rays

which appear in the spectra in figure 5.3 are from the 1 mil platinum
foil on which the source was plated.

At the time the second spectrum

was taken, the total activity of the source had decreased such that
it was necessary to place the source as close as possible to the
detector (l centimeter) to obtain adequate counting statistics in a
reasonable amount of time.

Because of the small distance between

source and detector in that spectra, many coincidence sum peaks were
observed, and are so identified on the spectral prints.

Coincidence

summing is the phenomena in which two or more gamma rays in cascade
(coincidence) are detected simultaneously, thus producing a peak at an
energy corresponding to the sum of the energies of the individual
gamma rays.

The intensity of the sum peaks is inversely proportional

to the fourth power of the distance to the detector.

Therefore, the

peaks corresponding to coincidence summing can be identified by taking
spectra of the source at several different source-to-detector distances.
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Some gamma-ray spectral peaks contained both a gamma ray and coinci
dence sum contribution.

The coincidence sum contribution was removed

before computing gamma-ray intensities in these cases.

Gamma-ray

energies and intensities were determined over a severed month period
l8Ug_
so that these quantities for the weaker transitions of the
Tie
(l81imRe) coui{j be determined with the young (old) source at which
time these spectral peaks were more discernable relative to the rest
of the spectrum.
A conversion electron spectrum of the source at an age of U.5
months as recorded with the 80 mm^ x 2 mm Si(Li) detector is presented
in figures 5*5 - 5.8.

The source and detector were in a vacuum chamber
g

maintained at 5 x 10

mm of Hg.

A source-to-detector distance of

1 centimeter was used since the source was weak due to efforts to keep
it thin.

This accounts for the many coincidence sum peaks appearing in

the spectra.

In determining conversion electron intensities, all

possible coincidence sum combinations were investigated and their
intensity contribution to true spectral peaks were removed by computing
the expected coincidence sum peak areas, using several known pure
coincidence sum peaks as calibrations in the calculations.
The gamma-ray energies and the gamma-ray and conversion electron
intensities for the jL®^in»®Re transitions are given in table 5.1;

The

gamma-ray energies of major peaks were obtained from the weighted
average of several determinations made from spectra which included
gamma rays of calibration sources.

These calibrated peaks were then

used as energy standards to determine the energies of the weaker peaks.
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3160
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The calibration sources used included ”^Co, "^Ce, *^Hg, ^®Au, ®^Sr,
207
]^7
5k
60
12U
192
'Bi, J‘Cs,
Mn,
Co,
Sb, and
Ir, the energies of which are
given in table U.l.

The intensities are those of a source 6 months old.

At that age, 8# of the source activity was attributable to the decay
l63
of the
Re contaminant, 75# of the activity was attributable to the
l.fihp*
18^
decay of
®Re to
W, and the remaining 17# of the activity was
associated with the decay of " ^ “Re to ^®^®Re and to levels of ‘L^W.
The intensities of the gamma rays were normalized so that the sum of
the gamma-ray intensities of the 111, 253, 792, 895, and 903 keV
transitions was 100 units.

The conversion electron intensities were

26
normalized to the gamma-ray intensities via the theoretical
E2
K-shell internal conversion coefficient (I.C.C.) of the 111 keV
transition.

In.addition, an arbitrary multiplicative factor of 100 has

been applied to all conversion electron intensities.

Therefore, using

table 5.1, one can obtain an experimental conversion coefficient by
dividing the appropriate electron intensity by the appropriate gammaray intensity and then applying a multiplicative factor of 0.01.

The

entries in the total intensity column of this table are normalized in
the same manner as gamma-ray intensities and were computed using
theoretical2^ I.C.C.’s for transitions determined to be of a single
multipole and from experimental intensities for transitions determined
to be of a mixed multipole.

Gamma rays for the 55, 6U, and 83 keV

transitions were not observed.

The total intensities for the 6k and

83 keV transitions were determined using the measured L-shell electron
intensities and theoretical conversion coefficients for the multi-

Table 5.1.

Transition energies and intensities in the decay of I8U111 ffRe.

Transition
Snergy (keV)

Decay
Modea'

it)

Ie x 100°)

v
T

K

L

M

55.3 (3)

m

63.8 (2)

m

137 (15)

83.2 (2)

m

1030 (106)

91.3 (1)

m

0.079 (13)

99.U (6)e>

m

0.235 (37)

l*tl (17)

IOU.80 (3)

m

2.96 (15)

1035 (115)

233 (Ii8)

111.22 (2)

g

15.U5 (U0)

1176 (115)

2517 (210)

12U.U (1)

m

0.030 (3)

161.0 (3)e»f)

m

1.0U (U9)

89 (70)

18.8 (U9)

It.5 (3U)

216.3 (U)S)

m

2.1U (11)

29.1 (26)

15.2 (18)

It.9 (6)

226.75 00

m

0.2^3 (15)

8.8 (It6)

252.8U (3)

m+g

U.19 (11)

3U.8 (38)

318.02 (3)

m

1.00 (5)

1.6 (5)

Total
Transition
Intensity

38 (6)

1.1

(2)

17.6 (19)

2.18
1.87 (20)

3U0 (35)

697 (59)

o(i)d)

(M1+E2)
(E2)

lit.7 (15)

MU

0.51 (8)

(E2)

1.17 (18)

(Ml)

15.8 (16)

M1+E2

55.It (28)

E2

o.oito 00

(El)

2.18 (86)

M1+E2
E1,E2

0.U6 (10)

0.35 (5)

(E1+M2)

It.8 (5)

It.79 (lit)

E2

1.02 (5)

El
vo

Table 5.1.

Transition
Energy (keV)

(Continued)

Decay.
Mode*'

lb)
Y

Total
Transition
• Intensity

Ie x 100°)
K

38*.23 (3)

m

0.58 (2)

1.15 (10)

*82.9 (3)

g

0.010 (3)

536.70 (6)

m

539.26 (7)

L

o(L)4)

M
0.60 (2)

E2

0.17 (*)

0.012 (3)

E0+M1+E2

0.57 (2)

0.26 (5)

0.57 (3)

El

g

0.25 (2)

0.25 (5)

0.25 (2)

E2

6*1.93 (3)

g

1.60 (*)

1.5 (2)

1.62 (5)

E2

757.58 (l*)

g

0.05 (1)

0.05 (1)

(E2)

769.73 (*)

g

0.60 (2)

0.60 (2)

E2

792.05 (*)

g

31.1*9 (79)

31.71 (95)

E2

857.2 (l)f)

m

0.05 (1)

(El)

89^.75 (*)

g

1*.*8 (37)

6.6 (*)

903.26 (*)

g

3U.07 (86)

920.89 (*)

m

1010.35 (6)

g

0.1*0 (7)

0.36 (6)

0.39 (3)
19.2 (9)

3.5 (2)

0.050 (13)
1.21 (13)

l.ll* (11)

ll*.56 (73)

E2

16.6 (13)

2.7 (3)

1.29 (13)

3*. 3 (17)

E2

1.50 (*)

0.33 (5)

0.0U (1)

1.50 (5)

E1+M2

0.10 (1)

0.07 (1)

0.10 (1)

E0+M1+E2

Table 5*1.

Transition
Energy (keV)

(Continued)

Decay»
Mode

ib)
Y

Total
Transition
Intensity

Ie x 100c^
K

1019.53

m

0.0U (1)

1022.68

g

0.U9 (3)

1110.05

m

0.12 (1)

1121.63 (11)

g

0.03 (1)

0.016 (6)

1173.72 (6)

m

0.20 (1)

0.10 (1)

1221.18 (8)

m

0.00U (1)

1275.21 (6)

6

0.11 (1)

131U.08 (20)

e

0 .0 1 1 (1)

1386.39 (8)

e

0.10 (1)

0.17 (2)

L

o ( L ) d)

M

0.028 (3)

0.017 (3)

0.031* (6)

0.0U (1)

(El)

0.U9 (1)

E2

0.12 (1)

(El)

0.03 (1)

E2

0.20 (1)

E3

o.ooi* (1)

(E3)

0.11 (1)

M1+E2

0 .0 1 1 (1)

0.022 (U)

0.10 (1)

E2

Ground state and isomeric state decay represented by g and m respectively.
Normalized such that 1^(111) + Iy(253) + Iy(792) + Iy(895) + Iy(903) is 100 units.
c) Normalized to gamma-ray intensities such that Ie^ (ill) = [jy(lll) x a^(E2)J x 10^ where a^(E2) is the
theoretical*0 E2 conversion coefficient for a 111 keV transition.

Table 5.1.
^

(Continued)

Uncertain multipolarity assignments are placed in parenthesis.

e) Intensity of the •L®%e contribution has been removed.
Energy obtained from energy level difference.
The energy and intensities given are for the 215 keV El + 2l6 keV E2 combination.
intensity ratio

The gamma-ray

(215)/ly(2l6) = 0.29 ± O.O^Q of reference 80 was used to separate the two

components for intensities in the decay scheme.

100

101

polarity noted.

The total intensity of the 55 keV transition was

obtained from the total transition intensity of the l6l keV transition
since they are the only ones feeding and de-exciting the lM6 keV
level of

1fill
W.

It should be noted that N-shell conversion lines were

observed for the 83, 111, and l6l keV transitions and the intensities
of these lines are included in the total transition intensity.

The

experimental K-, L-, and M-shell internal conversion coefficients are
l81+m.g
given in tables 5.2 and 5.3. Since the
Tie activity was not in
secular equilibrium, a conversion electron spectrum and a gamma-ray
spectrum were taken concomitantly in order to ensure proper normali
zation between gamma-ray and conversion electron intensities.
In order to determine which transitions were unique to the 1®^mRe
decay, which were associated with the decay of both
and vhich were associated with the decay of

l8V

were taken with a time differential of 2Ul days.

and ‘^ mRe,

gamma-ray spectra
The source was 6.5

months old at the time the first of these two spectra were taken.

For

each observed transition a ratio of the gamma-ray intensity in the
first spectrum to the gamma-ray intensity in the spectrum 21+1 days
later was formed.

The ratios were multiplied by a normalization

constant such that the ratio for the 903 keV transition was 10.0.

In

the decay of 1®1|a*®Re, this level is populated 9&% of the time by the
l8Ug_
electron capture decay of
Tie. The computed ratios are given in
table 5.1+. Transitions associated mainly with the

Tie decay have

ratios of about 10, transitions associated primarily with the decay of
have ratios of about 3, and transitions associated with the

Table 5.2. K-shell conversion coefficients for transitions in the decay of iQ^sglte.
Transition
Energy (keV)

O

o)

x 10^
x 10 (Theory )
(Experiment) ----------------------------------------------—
El
E2
Ml
M2

Assigned
Multipolarity^'

6000 (1200)

316

908

U160

31700

(Ml)

10U.8

3500 (350)

280

790

3860

27800

M1+E2

111.2

7Vf (63)

235

731

2990

21000

E2

161.0

860 (6U0)

89.7

298

1030

5570

M1+E2

216.3

136 (lU)c^

1*2.9

138

1*58

2060

E1,E2C)

226.8

362.(18U)

38

122

1*02

1760

(E1+M2)

252.8

83 (8)

29

91

299

1230

E2

318.0

16 (5)

16.7

1*9

161

582

El

38U.2

19.8 (10)

11

30

97

320

E2

7.09

19.6

60.3

187

E0+M1+E2

5

13.7

1*0

H6

El

5.1

ll*

39.8

llU

E2

99.1*

1*82.9.
536.7
539.3

170 (69)
l*.5 (16)
10 (1*)

61*1.9

9.U (8)

3.5

9

26

69

E2

769.7

6.5 (6)

2.5

6.3

16

1*1

E2
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Table 5.2.
Transition
Energy (keV)

(Continued)
ci£ x 10^ (Theory8^)

CL, X 10^
(Experiment)
El

E2

Assigned
*
Multipolarity

Ml

M2

792.1

6.1 (U)

2.3

5.9

15

38

E2

89k. 8

k.51 (32)

1.85

k.63

11

27.3

E2

903.3

U.87 (37)

1.82

1*.5U

10.8

26.6

E2

920.9

2.2 (3)

1.75

U.37

* 10.3

25.3

E1+M2

1010.U

6.8 (11)

1.U8

3.6U

8.16

19.7

E0+M1+E2

1022.7

3.U7 (27)

1.U5

3.56

7.92

19.1

E2

1121.6

5.3 (20)

1.23

2.98

6.31

15

E2

1173.7

5.0 (11)

1.13

2.73

5.6k

13.3

E3d)

1275.2

3.11 (57)

0.98

2.33

k.6

10.7

1386.h

2.21 (39)

0.85

1.99

3.75

8.66

M1+E2
E2

a) Theoretical internal conversion coefficients are from reference 26.
^

Uncertain assignments are in parenthesis.
Computed using the intensities of the composite line containing the two transitions at 216 keV.
The theoretical conversion coefficient for E3 multipolarity is 5.6 x 10“^.
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Table 5.3.
Transition
Energy (keV)

L- and M-shell conversion coefficients for transitions in the decay of l®^m»®Re.
a x 10^
\HixperimeHtrj

Assigned
Multipolarity^'

a x 10^ (Theory3^)
El

E2

Ml

M2

L Shell
10k . 8

787 (150)

k9.2

2010

621

9250

M1+E2

111.2

1599 (107)

k o .k

lklO

k75

659

E2

l6l.O

181 (88)

lk. 5

262

162

lk60

M1+E2

216.3

71 (9)c)

6.8

77.5

72.2

k86

226.8

k3.7 (80)

6

6k

63

ko8

(E1+M2)

252.8

k2.0 (30)

k.5

kl.5

k7

27k

E2

38U.2

6.9 (12)

1.62

8.9k

15

63

E2

6kl.9

2.2 (3)

0.5

1.9

3.9

12

E2

792.1

1.11 (9)

0.3k

1.09

2.27

6.53

E2

89k. 8

0.83 (6)

0.265

0.81

1.67

k.59

E2

903.3

0.79 (9)

0.26

0.79

1.63

k.k7

E2

920.9

0.27 (6)

0.25

0.76

1.55

k.23

E1+M2

1022.7

0.57 (7)

0.21

0.60

1.19

3.15

E2

E1,E2C)

o

Table 5.3.
Transition
Energy (keV)

(Continued)
a x 10^
a x 1C)3 (Theory8^)
(Experiment) ---------------------;--------------------------El
E2
Ml
M2

Assigned
*
Multipolarity'

L Shell
1173.7

0.85 (17)

0.16

0.1*1*

0.81*

2.15

E3d^

M Shell
1620

E2

36.8

351

M1+E2

18.8

16

113

E1,E2°)

1.3

16

ll*

95

(E1+M2)

1

10.1

10.5

61*

E2

111.2

1*33 (30)

161.0

U3 (2l*)

3.28

65.U

216

22.9 (38)c)

1.51

226.8

ll* (3)

252.8

11.5 (10)

9.1

357
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Theoretical conversion coefficients are from reference 26.
k)

Uncertain assignments are in parenthesis.

c) Computed using intensities of the composite line containing the two transitions at approximately
216 keV.
The theoretical conversion coefficient for E3 multipolarity is 1.1 x 10“^.
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Table 5-1*. Ratios of the gamma ray intensities from two

1OJ,
Re spectra with a time differential of

8 months.

friergy (keV)

Intensity
Ratioa '

Decay Mode
Identification*3)

Energy (keV)

Intensity
Ratioa '

Decay Mode
Identification*3-

91.3

3.60 (38)

l8Um

539.3

12.1* (2k)

l8Ug

99- l*c^

1*.76 (1*9)

l8Um + 183

6U1.9

9.1k (36

l8Ug

10U.8

2.93 (3)

l8Um

757.6

111.2

8.93 (10)

l8Ug

769.7

8.29 (50)

l81*g

12U.U

2.79 (1*0)

l8Um

792.0

9.96 (12)

l81*g

l6l.oc^

6.53 (10)

l8Um + 183

858.6

7.03 (1*8)

l81*m + Sum Peak

183

89^.8

9.1*6 (21*)

l81*m

208.8

15.36 (53)

d)

l81*g

2l6.3°^

3.1U (8)

l8Um

903.3

226.7

3.02 (k)

l8l*m

920.9

3.09 (7)

l81*m

252.8

h .62 (3)

l8l*g + l8Um

1010.k

10.6 (11)

l81*g

291.8

lU.32 (1+0)

183

1019.5

1*.2 (10)

l8Um

318.0

3.01 (2)

l8Um

1022.7

9.2U (1*9)

l81*g

381*.2

2.9k (12)

l8Um

1110.0

3.13 (12)

l81*m

536.7

3.13 (8)

l8Um

1121.6

10.0

10.5 (10)

l8l*g

l81*g
o
ON

Table 5.U. (Continued)

Energy (keV)

Intensity
Ratio8-'

1173.7

3.30 (32)

1221.2
1275.2

Decay Mode
Identification^'

e)
10.28 (11)

Energy (keV)

l8^m

131U.1

18Um

1386.U

Intensity
Ratio8-)
d)
9.19 (75

Decay Mode
.
Identification '
l8l*g
l8Ug

l8Ug

a) The intensity ratio for a given line is formed by dividing the observed intensity at age 6.5
months by that at age lU.5 months.

A normalization factor is applied such that the ratio for the

903 keV transition is 10.0.
^

The activity with which a given line is associated is given by the mass of the Re isotope, i.e.,
l8tai denotes

activity.

c) Two unresolvable spectral lines are contained in this peak.
^•) This spectral line was not observed in the second spectrum.
e) This spectral line was not observed in the first spectrum.
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decay of l83Re have ratios of approximately 15.

Two transitions could

he positively identified as being associated with the decay of l83Re,
11 were identified as being primarily associated with the decay of
!lRlig
Tie, and 13 were identified as being associated with the decay of
■ ^ “Re.

The ratios of 7 spectral lines required additional

consideration.
Weak spectral lines at 758 and 13lU keV were observed only in the
first spectrum while a weak line at 1221 keV was observed only in the
second spectrum, thus indicating that the 758 and 131^ keV lines were
associated with a shorter lived activity than the 1221 keV line.

The

placement of the 758 keV transition and the 1221 keV transition in the
decay scheme of

l8U
W was consistent with these observations since the

758 keV depopulated the 1122 keV level which is fed directly by 38 day
■^®Re and the 1221 keV transition depopulated the 1221 keV level
which is fed only by transitions associated with the decay of 165 day
T Alim

Tie.

1

A 131^ keV transition has been observed in the

Qli

Ta decay

study of reference 86 and is one of four transitions which were
associated with the depopulation of a level at lU25 keV.
1311* keV transition observed here and in earlier
studies^»80,8l,8U

Since the

l8^
Re decay

.^e oniy transition which can be’associated with

a 1U25 keV level, this level and transition were not placed in the
decay scheme.

However, it was concluded that the transition was

associated with the decay of

X8U«

Re rather than

1 flUtn

Tie because of the

relative intensity of this line in spectra taken at different source
ages.
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The intensity ratio for the 253 keV line vas U.6. An inspection
of the placement of this transition in the

l8U
Re decay scheme (see

figure 5*10) indicates that the 36k keV level vhich the 253 keV
transition de-excites is fed hy both

lSUm
l8Hp*
He and
e’Re decay.

An

analysis of the intensities of these populating transitions yields an
intensity ratio of approximately U.8, in good agreement with the
observed ratio of k.6.

The line at 858 keV had a ratio of 7.0.

Spectra taken at various source-to-detector distances indicated a
strong coincidence sum peak at this energy due to coincidences of the
792 keV line and the Ka x-ray, both of which have intensity ratios of
approximately 10.

According to the proposed decay scheme, a

transition of 857.2 keV would be expected between levels at 1221 and
36k keV.

Other transitions de-exciting the 1221 keV level have
l8Um
intensity ratios which associate them with the decay of
Be.
Therefore this 857*2 keV transition would be associated with the decay
•» Qjly y .
of
Tie. Consideration of these facts led to the conclusion that
there is a transition of 857.2 keV associated with the decay of

Tie

and that this transition plus the coincidence stun contribution produced
a line at 858 keV with an intensity ratio of 7.0.

Others^*have

also reported a transition at 857.2 keV associated with the decay of
l8Um_
Re.
Lines at 99 and 162 keV had ratios of 1*.8 and 8.5 respectively.
2^3

There are known transitions associated with the decay of

Re at
1 0*3

these energies.

However, if these lines were due solely to the

Re

transitions, the intensity ratios in table 5.k would be on the order
of 15.

The magnitude of these ratios indicates that the additional

110
contribution to these lines comes from the d6cay of ■ ^ HnRe.

In

addition, although both lines appeared as single peaks in both the
gamma-ray and electron spectra, the Gaussian fits in all cases vere
wider than expected for a single transition.

The ^®^Re data of

Harmatz et al.^ were used to remove the l83Se contribution to the
conversion lines of the transitions in question.

The remaining

intensities were attributed to "^^Re transitions (see table 5.1).
The gamma-ray intensity contribution of the
was removed from the

99 keV transition

l8U
Re spectrum by taking the multipolarity of

this transition to be pure E2. Although a transition of 99 keV was
associated with the decay of ^^^Re, it could not be incorporated into
the present decay scheme of

101*
Re.

<1Qji*-.

The energy of the

Tte contribution to the 162 keV spectral line

was determined to be l6l.O keV using energy level differences in our
decay scheme.

This value agrees well with the values of l6l.26 and

161.2 keV reported for this transition in references 77 and 79
respectively.

There was an additional complicating factor in deter

mining the intensity of the “^ ^ R e l6l keV K-shell conversion line
l8Um
in that the
Re 105 keV L-shell conversion line was unresolvable
from the composite 162 keV K-shell conversion line.

However, since the

multipolarity of the 105 keV transition was determined from the gammaray and K-shell conversion line intensities to be Ml + E2 (see table
5.2), the contribution of the 105 keV L-shell conversion line
intensity was determinable and therefore easily removed from the 162
keV K-shell conversion line.

The measured K/L ratios for the 1®lttlRe

Ill

l6l keV transition and the

183
Re 162 keV transition indicated that both

were Ml + E2, with relative Ml strengths of 7&% and 75% respectively.
These data were then used to determine the corresponding gamma-ray
intensities.

The method used here for determining the intensities
s
l8Um
of the gamma-ray and conversion electron lines of the 161 keV
Re
transition generated large uncertainties in these quantities.
Canty et al.77 obtained gamma-ray and conversion electron intensities
l8Um
of the
Re 161 keV transition using an aged source containing no
1Ao
spectroscopically detectable amounts of
Re. It should be noted that
their gamma-ray intensity reported for this transition is within 3% of
that determined in this work when normalized via the gamma-ray intensity
of the "^^Re 38U keV transition.
Although it appeared as a single peak in all gamma-ray spectra,
the width of the Gaussian fit to the line at 2l6 keV was consistently
too large.

The corresponding K-, L-, and M-shell conversion lines

exhibited the same behavior.
the same energy.

This suggested two transitions at about

This has been verified recently by reference 79

directly with gamma-ray spectra taken with a high resolution detector
in which the lower energy component (215 keV) appeared to be about 25
to 30# as intense as the higher energy component (216 keV) in
published spectra.

Inspection of the intensity ratio in table 5.^

indicates that both these transitions must be associated with the
1Ql|m
decay of
Re. Placement of these transitions in the decay scheme
(Bee

figure 5.10) indicate that the lowest multipoles possible for

these transitions are El for the 215 keV component and E2 for the

112

216 keV component.

Experimental conversion coefficients in tables

5.2 and 5*3 are consistent with these multipole assignments.

Although

separation of the El and E2 components was attempted using experimental
26
and theoretical
conversion coefficients, the results were not
reasonable with respect to their total transition intensities and
placement in the decay scheme.

Therefore, the relative gamma-ray

intensities of the El and E2 transitions at this energy were determined
from the reported intensities of reference 80, i.e., I^,(215)/IY(2l6) =
0.29 ± 0.04.

These transitions are further discussed in section D.

The gamma rays and K-shell conversion electrons of the 536 and
539 keV transitions appeared as doublets in all gamma-ray and
conversion electron spectra taken (figures 5.1» 5.3, and 5.6).

Since

precise determination of the gamma-ray intensity of the 539 keV
interband transition was necessary to compute an accurate band-mixing
parameter for the K=2 quadrupole vibrational band, the spectral
doublets were carefully studied using both computer analysis and hand
analysis to minimize the uncertainty in their intensity measurements.
Evidence for transitions at 55 and 6U keV appeared in the
conversion electron spectra as 55 keV M-shell and 6k keV L-shell
conversion lines. The corresponding gamma rays were obscured by the
tungsten x-rays.

Canty et al.

77

and Taylor et al.

79

, using high

resolution x-ray detectors, reported gamma rays at 55*3 and 63.6 keV
which is in good agreement with the transition energies reported here
03
on the basis of observed conversion electron lines. Glatz et al.
and
85
Harmatz and Handley
also reported conversion electron lines
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corresponding to transitions at these energies and associated them
vith the decay of ^ ^ R e .

Canty et al.*^ reported weak gamma rays at
18U
75.0, 170.0 and 363.7 keV which they did not place In the
W decay
scheme.

Spectral lines observed in our gamma-ray spectra at 170.0

and 361*.1 keV could he totally attributed to coincidence summing
between the K^, x-ray and the 111 keV gamma ray and the 111 and 253 keV
gamma rays respectively.

Also, gamma-ray spectra taken here with the

source on a platinum backing had a weak line at 75.8 keV which we
attributed to the K,,, x-rays of platinum.

Canty et al.77 also

reported an 1130 keV transition which they placed in the decay scheme
between the 1130 keV level and the ground state.

The line at this

energy observed in our spectra could be attributed entirely to
coincidence summing between the 227 and 903 keV transitions.
C.

Gamma-Gamma Coincidence Measurements

Gamma-gamma coincidence measurements were used to verify the
1fill

Re decay scheme.

The source consisted of lU8 microcuries of

l81*m,gjte in a solution of approximately 150 microliters of concentrated
HBr and HgSO^.

The source was contained in a small lucite vial.

The

data acquisition system used for the coincidence measurements was a
computer based (Digital Equipment Corporation PDP-8/L) Nuclear Data
50/50 system as described in section C of Chapter 3.

The detectors

employed were the 8 cm^ and 30 cm^ Ge(Li) detectors which were placed
at 90° so that an effective detector-to-detector scattering shield
could be employed.
angle.

The source was positioned at the apex of the right

Pulses from each detector corresponding to photon energies less

11U

than 75 keV were discriminated in order to exclude x-rays.

The

experiment was configured such that all pairs of ADC processed pulses
were stored provided they occured within the resolving time of the
coincidence unit.

They were stored on magnetictape as (x,y)

coordinate, pairs - the x and y being thechannel locations of the x and
y ADC processed pulses.

After recording the coincidence data, different

energy gates of interest were chosen using the singles spectrum acquired
by the y detector.

The coincidence spectrum for the energy gates of

interest were then "pulled" from magnetic tape under computer control
and stored for analysis.

The variable parameters in a time coincidence

experiment are the source strength, the count rates from each detector
(integral side channel count rates), and

the 2r

resolving time.The

chance coincidence rate, Nc, is equal to2tNiN2 where N-j_ and N2
integral side channel count rates from each detector.

are the

The source

strength, N0, can be estimated from the 2x resolving time and the
true-to-chance coincidence rate, R, by the relation
N0 * 1/(2t R)

(5.1)

The chance coincidence rate should be kept as small as possible in a
coincidence experiment.

This obviously can be done by reducing the

source strength and the 2r resolving time.

However, the strength of

the source should permit the gathering of sufficient data in a reasonable
amount of time.

The 2x resolving time in this experiment was measured

to be 150 nanoseconds and the true-to-chance coincidence ratio was
computed to be U.5:l.

These parameters were determined by running a
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delay curve.

The source strength was then computed to be lU8 microcuries

using equation 5.1.
Because of inherent electronic delays in the amplifiers, the logic
pulses developed at the output of the timing single channel analyzers
(TSCA) for a coincidence pair were not in time coincidence.

To put them

in time coincidence a fixed time delay was used in one line while a
variable delay was used in the other line.

The coincidence rate was

then recorded as a function of time delay in the variable line.

This

procedure is termed as running a delay curve and its purpose is to
find the optimum delay time in the variable TSCA for the experiment.
To provide suitable delay for signals from the amplifier such that they
would arrive at the input of the ADC's at the proper time with respect
to the opening of the gates in the ADC's by the logic signal, a delay
of 2 microseconds provided by the delayed output of the Ortec UUO
amplifier was used for one line while the other line utilized a delay
amplifier.

This amplifier had a unity gain and could provide an

adjustable time delay from 0 to U.75 microseconds in increments of 0.25
microseconds.

The delay of this amplifier was set at 2 microseconds

for this experiment.
The singles sampler was used so that the singles spectra of both
detectors could be periodically sampled and stored during the accumu
lation of the coincidence spectra.

It was adjusted such that

approximately every six seconds during coincidence data accumulation, the
singles spectrum of each detector was accumulated for

milliseconds.

discussed in Chapter 3, the singles spectrum of each detector was

As
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stored on magnetic tape as coincidence pairs also, each detector's
singles by definition were coincident with the zeroth channel of the
other detector's analyzer.

These singles spectra were important

because they were used to determine energy gates for "pulling"
coincidence data and for detecting any serious gain or zero shift
during the time of data accumulation.
An ADC full scale conversion gain of 20h8 channels was used for
both ADC's.

Coincidence data were accumulated under computer control

using the BUFFER TAPE program which was used to set aside the first
256 channels for a buffer area in which coincidence pairs were
temporarily stored until the program directed the computer to dump the
contents of the buffer area to magnetic tape.
accumulated for k9 hours.

Coincidence data were

Then the time delay of the variable TSCA was

set so that only accidental coincidences were being recorded.

Accidental

coincidences were then recorded for 39 hours.
After the coincidence data had been recorded on magnetic tape,
analysis of the data were performed.

The first step was to obtain

from the data stored on magnetic tape the singles spectra of each
detector.

This was done using the BUFFER TAPE and DIGITAL GATES

programs.

BUFFER TAPE created a buffer area for the data read from

magnetic tape to be stored until processed by DIGITAL GATES.

The

singles data from the y detector were used for the purpose of setting
energy gates, while the singles data from the x detector were used to
obtain gamma-ray intensities of observed transitions with which gammaray intensities of these same transitions in various coincidence
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spectra could be compared.
Energy gates for every gamma-ray spectral peak observable in
the singles spectrum of the y detector were chosen.

In addition, an

energy gate on the Compton background on the high energy side of the peak
was chosen.
peak gate.

Its energy width was set the same as that of the spectral
The purpose of this gate was to obtain the coincidence

spectra of the Compton backgrovmd at approximately the same energy as
the spectral peak so that this contribution could be removed from the
spectral peak coincidence data.

After all energy gates were chosen,

the coincidence spectra for these gates were "pulled" from the data
on magnetic tape under computer control, again using BUFFER TAPE and
DIGITAL GATES.

Two programmed gates were utilized when analyzing the

coincidence data on tape.

The memory was divided in two groups of

20U8 divisions each and each group responded only to certain
addresses as determined by the programmed energy gates.

Taking two

gates at a time, usually a spectral peak gate and the gate for the
corresponding Compton background, the coincidence data for all chosen
gates were pulled from the magnetic tape.

These resultant spectra

were then stored on another tape for further analysis.

Similar

procedures were used to obtain the accidental coincidences spectra for
each gate.

Because the accidental coincidences were not accumulated for

the same length of time as the coincidence spectra, it was necessary to
compute a normalization constant which could be applied to a given
accidental coincidence spectrum before using it to deduct the accidental
coincidence contribution to the coincidence spectrum.

To do this, the

coincidence and accidental coincidence spectra of the 111, 253, and
792 keV gates were corrected for coincidences from underlying Compton
contributions.

Then, from the coincidence spectrum for the 111 keV gate

•the area of the 111 keV spectral peak was computed.

The same was done

for the 111 keV peak in the accidentals spectrum for the 111 keV gate.
A normalization factor was computed using the two spectral peak areas.
The same procedure was performed with the 253 and 792 keV transitions.
A weighted average of the three normalization constants was taken and
this resulting factor was used to normalize a given accidental coinci
dence spectrum before subtracting the accidentals contribution for a
given gate.

The procedure of analyzing coincidence data required the

storage and retrieval of many files on magnetic tape.

A system of

tagwords which uniquely defined each stored spectra was used to aid in
this record keeping task.
Examples of final coincidence spectra (corrected for Compton and
accidental events) are shown in figure 5.9 for the 111 and 253 keV gates
In the analysis of the coincidence data, a ratio was formed between the
area of each line in the final coincidence spectrum .and the area of the
corresponding line in the singles spectrum. A multiplicative factor of
IcA was then applied to each ratio.

The results are given in table 5.5.

It should be noted that the absence of a ratio for a transition in a
given gate does not automatically preclude the possibility of a coinci
dence since the weak correlations did not show through the statistics.
However, it was not necessary to carry the experiment any further to
verify the decay scheme.

The indirect coincidences to the 111 keV
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Figure 5.9

The gamma-gamma coincidence spectra following the decay of
18ttHe obtained by gating on the 111 and 253 keV gamma rays
(source age - 2 months).
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Table 5.5.

Summary of gamma-gamma coincidence measurements in the decay of

»®Re.

Intensity Ratio '
Transition
Energy (keV)
111
111
253
318
381+
537
539
6h 2
770
792
895
921
1010
1023
1275

97 (5)
105 (1+5)

216

Gate (keV)
38U
537

253

0.61 (6)
1.6 (1)

7.3 (1+)

0.60 (9)
18.3 (55)

1.9 (7)
110 (12)

61+2

770
0.21 (2)
2.70 (17)

921
0.08 (2)
0.81+ (8)

26 (1+)
29 (11)

107
85
lll+
109
91
112
71

(21)
(9)
(10)
(6)
(6)
(10)
(13)
96 (11)
82 (12)

1.6 (8)

1U9 (26)*)
87 (5)
98 (6)

0.U7 (10)
87 (10)

a) Intensity ratio formed by dividing the intensity of the gamma ray in the coincidence spectrum by
its intensity in the singles spectrum. A multiplicative factor of 1 x 10** was applied.
The intensity ratio of the 539 keV gamma ray is larger, and has a larger uncertainty, than that •
of other transitions populating the 36h keV level due to the unresolvable contribution of the
537 keV gamma ray in the coincidence spectrum.
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transition which feed the 36H keV level (539* 61+2, 770, and 921 keV
transitions) have the same ratios as the direct coincidences (253, 792,
895, 1010, 1023, and 1275 keV transitions) since the only mode of
de-excitation of the 36k keV level is the 253 keV transition.

In the

decay scheme established, the 31.8 keV transition is also in indirect
coincidence with the 111 keV transition via the 792 keV transition
which depopulates the 903 keV level.

The 792 keV transition has about

of the depopulating gamma-ray intensity of the 903 keV level, while
the 903 keV transition to the ground state accounts for a little over
51$.

Therefore, the coincidence ratio of the 318 keV transition in the

111 keV gate should be about half that of the direct coincidences.
However, the observed ratio was about twice the expected value, with an
experimental uncertainty of about 1+5$. After re-examination of the
coincidence spectral peak for this transition it was concluded that the
large ratio was due to poor peak statistics.

The lower experimental

range of the ratio would be of the order of the magnitude expected for
this coincidence ratio.

At the time of the gamma-gamma coincidence

experiment, the 318 keV transition accounted for less than 1% of the
populating intensity of the 903 keV level and therefore, the statistics
of the final coincidence spectra of the 318 keV gate were poor even
after several days of data accumulation in the coincidence mode, but
there was evidence for spectral lines at 111, 792, and 903 keV.

This

provided further substantiating evidence for the placement of the 318
keV transition .
The 216 keV liiie contains two transitions as discussed above,

122

however, one component of this line is a transition that feeds the 1285
keV level in

which has "been shown to have a lifetime of 8.3 micro

seconds (reference 83).

Since this lifetime is much greater than the

resolving time of the time analyzer, coincidences with this transition
are not seen.

The other transition contained in this line is the weaker

contribution.

It feeds the 1006keV level (see figure 5.10 ahead) which

is also fed by

electron capture. This accounts for the low intensity

ratios for the 895 and 61*2 keV transitions in the 216 keV gate.
The intensity ratios (table 5.5) f«-«r the lines in the spectrum of
the 253 keV gate indicate that the 381*, 539, 61*2, 770, and 921 keV
transitions are in direct coincidence with the 253 keV transition.

The

111 keV transition which de-excites the level fed by the 253 transition
is of course also in direct coincidence, but its intensity ratio is
expected to be

low since the 253keV transition is not the only one

feeding the 111 keV level.

In the decay scheme established from data

gathered in this study, the 7^8 keV level of

is fed only by the

537 keV transition and de-excited only by the 381* keV transition.
Therefore, the intensity ratios .(in table 5.5) of these transitions as
seen in the coincidence spectrum of the other transition should be
approximately equal.

This is seen to be the case (26 ± 1* versus 29 ± ll)

and is substantiated by their total transition intensities in table 5.1
(0.60 ± 0,02 versus 0.57 - 0.03).
The 361* keV level is fed by the 61*2, 770, and 921 keV transitions
and depopulated only by the 253 keV transition which feeds the level
at 111 keV.

Since the 111 keV level is fed by more than just the 253

keV transition, its intensity ratio is smaller than that for the 253

123

keV transition in the coincidence spectra of the 6U2, 770, and 921 keV
gates.

The ratios for "both the 253 and 111 keV transitions differ in

each of these gates because of the relative strength of the gated
transition.
D.
1.

The ^®^m,®Re Decay Scheme

Introduction
A decay scheme for 38 day

and its 165 day isomeric state,

■UJ^Re, Which is consistent with transition energies, intensities, and
multipolarities determined in this study is shown in figure 5.10. It
•10
was possible to place 32 transitions between lU levels in
W. Two
•lQ J.

transitions belong to the decay of the isomeric state of
level energies of

Re.

The

18U
W were determined from the weighted averages of

the sums of the transition energy combinations.
■jQ^
The levels observed in the parent
Re nucleus consist of a 38
day 3” ground state, a h~ member of the ground state rotational band at
105 keV, and a 165 day 8+ isomeric state at 188 keV.

In terms of Nilsson

orbitals, the ground state consists of a 5/2+ [U02Iproton coupled to a
1/2“ [510]neutron and the isomeric state at 188 keV consists of a 5/2+
[U02]proton coupled to an ll/2+ [6l§] neutron.

The isomeric state feeds

the 105 keV level via an 83 keV transition.

Harmatz and Handley®'*

earlier studied this transition in detail and determined it to be of
MU multipolarity.

Canty et al. 77 reached the same conclusion from a

study of the L sub-shell ratios.

The experimental L/M conversion ratio

measured in this work is in agreement with an M3 or MU assignment, but
the K/L ratio is in agreement only with an MU assignment.

The 105 keV
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Figure 5.10 The decay scheme of 18**Re. The transitions labeled with
asterisks are associated solely with the decay of 18ttmRe.
to
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level is de-excited via the 105 keV transition directly to the ground
state.

This transition was determined to he Ml + E2 with 88 ± ll£ Ml.

The experimentally determined total transition intensities populating
and depopulating the 105 keV level are equal.

The 165 day isomeric

state, l8^mRe, also decays by electron capture to the K11, I = 7"» 7
1501 keV level in
level scheme of

This route is the only direct entry into the
from the isomeric state.

A log ft of 7*5 was

computed for this electron capture decay.
The electron capture intensity to the levels in

l8l|w from

decay of l8l*8Ke is given in figure 5*10 and table 5*8.

the

To compute these

quantities the total transition intensity to the ground state of 101*W
resulting from the decay of

was normalized to 100 units.

The

relative electron capture to a given level is then the difference in
intensity between the sum of the depopulating transitions and the stun
of the populating transitions for that level.

The log ft for the

electron capture to each level was computed using the electron capture
branching ratios and a Q value of 1.629 MeV (reference 9*0.
The data in table 5*6 indicate that within experimental uncertainty
there is no electron capture decay to the U+ 36U keV level.

The

relative amount of electron capture to the 2+ 111 keV level was first
determined to be U.7 ± 3.Uj{.

Since it was unlikely that only this

member of the rotational band would be fed directly by the electron
capture decay, the intensities of the transitions populating and
depopulating this level were re-examined.

The efficiency of the

Ge(Li) detector used for gamma-ray measurements was carefully checked
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Table 5.6.

Log ft values for the electron capture decay of ^®^m,gRe to
levels In

Level
(keV)

Transition Intensity
In
Out

Electron
Capture
(percent)

Log ft

iS^gRe Decaya)
6k.6 (32)

111

60.9 (17)

36k

5.**0(9)

5.5** (16)

0.1U (19)

7^8

0.66 (3)

0.70 (2)

0.0U (1*)

903

1.62 (9)

77.8 (22)

76.2 (22)

7.5

1006

0.20 (2)

18.70 (810

18.5 (8)

8.0

1122
1130
113U

0.21 (2)

0

0.21 (2)

9.8

1.26 (5)

1.26 (5)

9.0

0.31 (31)

0.1*9 (6)

0.59 (9)
0

1221

2.16 (23)

2.1*7 (20)

1285

U.9 (10)

U.79 (23)

1386

3.7 (310

0.26 (1*)

0

0.26 (1*)

9.1

l8lnnRe Decay*3)
1501

0

100

100

7.5

The transition intensity for ^ ^ R e decay is normalized so that the
total intensity is 100 units,
k)

The transition intensity for ^®^mRe is normalized so that the total
intensity is 100 units,
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and an error in the detector efficiency calibration was ruled out.
During the reanalysis, the 109.7 keV gamma ray of the

contaminant

was examined to determine if it could have contributed any intensity
to the 111 keV gamma ray.

The gamma-ray intensity of the 109.7 keV

transition in the source used here at the time of intensity measurements
was found to be 1.8$ that of the 111 keV line by normalizing the ^®®Re
data of reference 93 via the 292 keV transition.

However, by taking

into consideration the energy resolution and the conversion gain of
the analyzer system, it was determined that the 109.7 keV transition
should not contribute substantially to that portion of the 111 keV line
used to determine the Gaussian area.

If these assumptions were not

strictly valid, however, and the intensity of the 109*7 keV transition
was removed from that of the 111 keV line, the electron capture decay
to this level would then be 3.7$ and thus essentially zero since the
experimental uncertainty is 3.^$.

These results prompted a review of

several other ^®^Re decay studies'^

to examine the intensity

balance of the 111 keV level.
An aged source containing no ^®^Re contaminant and in which the
l8Umpe ajja 3-B^SRe activities were in secular equilibrium was used in
studies by Canty et al.^ and Ageev et al.®*1. The reported gamma-ray
77
intensities by Canty et al.1'
and gamma-ray and conversion electron
8ji
intensities by Ageev et al.
indicated that, within experimental

uncertainty, there was no electron capture decay to the 111 keV level.
The gamma-ray intensities reported by Kukoc et al.®^ indicate that
the relative electron capture decay to the 111 keV level is 8.U ± 6.0$.
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However, their published spectrum indicates that their source had a
larger percentage of *^Re than the source used in this study.

Addi

tionally, it appears that the resolution of their detector system was not
as good as the one used here.

Because of these problems it is very

possible that some of the 109*7 keV intensity was included in their 111
keV gamma-ray intensity.
our estimate of their

If such a contribution were removed based on
Re contamination, the populating and depopu.-

lating intensities to the 111 keV level would be about the same.
Therefore, on the basis of earlier data and data reported here, we
concluded that electron capture decay from
rotational band in

l8Um g
Re to the ground state

lflll
W is, at most, very weak.

Experimental data gathered in this study and level systematics of
surrounding nuclei indicate that the low energy (<l600 keV) level
nOji
structure of
W can be interpreted in terms of rotational bands
formed on the ground state, the K=2 quadrupole vibration, the K=0
quadrupole vibration, and a K=2 octupole vibration.

In addition, there

is evidence that a K 77,! = 2+,2 level at 1386 keV is collective.

Two

intrinsic states have also been identified as well as one of their
rotational levels.

The inertial parameters for the observed rotational

bands are given in table 5.7.

Where possible, the level structure of

■ ^ W will be discussed by bands rather than level by level.

To aid

in this discussion, the levels are grouped by bands and presented in
figure 5.11.
The Ground State Rotational Band
J*

X

t (j.

The ground state rotational band consists of the 0 , 2 , U , and
6+ levels at 0, 111, 36^, and 7^8 keV respectively.

The computed
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Figure 5.11 The hand structure of 18I,W.
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inertial parameters for the ground state rotational hand, presented in
table 5.7, are based on the energies of the 2+ and k+ members.

A level

of spin 6+ is predicted at 7^3 keV using these parameters.
3. The K=2 Quadrupole Vibrational Band
The K=2 quadrupole vibrational band consists of the 2+ band head
at 903 keV and the 3+ and U+ levels at 1006 and 1131+ keV respectively.
The inertial parameters for this band (table 5.7) are consistent with
those of the ground state rotational band, and predict the 5+ level of
this band to be at 1279 keV.

The 5+ level has been experimentally ob

served in a ^^Ta decay study®^ and a (d,p) reaction study^ at 1295
l81i
keV. However, there is no evidence here or in other reported
Re
181+
decay data that this level is excited in the decay of
Re. The
electron capture decay of the 1^ = 3“ ground state of ^®^Re proceeds to
the three lower levels of this vibrational band, 76.2# of the decay to
the 2+ 903 keV level, 18.5# to the 3* 1006 keV level and 1.26# to the
k+ 1131* keV level.

The log ft’s for these decays are 7.5, 8.0, and 9.0

respectively.
Seven transitions from this band to the ground state rotational
Table 5*7.

Inertial parameters for rotational bands- in

Band head energy

k

"

Eq (keV)a)

A

B

(keV)

(eV)

18.7
17.6

-23.7
-80.8

0

0+

903

2+

1002

0+

1130

2“

19.9
15.2

1285

5“

13.1*

Bj * E0 + A

18U
W.

- K(K+lJ + B 6(1+1) - K(K+ljJ 2
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band were observed and conversion coefficients deduced from the data
here indicate that all these transitions are pure E2.

This is further

substantiated by the results of gamma-gamma angular correlation mea
surements of references 76 and 78 which showed that the Ml contributions
to the 6U2, 770, 792, and 895 keV transitions are all less than 1%.
On the basis of these results, all the transitions from this band were
taken to be pure E2 multipoles in computing the reduced E2 transition
probability ratios.

The computed ratios are given in table 5*8.

For

comparison, the same ratios as computed from the ^®**Re decay study of
Canty et al.^ and the "^Ta decay study of Yates et al.®** are given.
The ratios of the different works are all within experimental error of
each other.

However some trends can be observed.

The ratios of Canty

et al. involving the 539 keV transition seem to have more 539 keV
gamma-ray intensity as compared to our results.

The 539 keV transition

was very weak in the 537-539 keV spectral doublet in the spectra of
77
Canty et al. 1 because of source age.

The 537 keV transition is

associated with the decay of 18S e and the 539 keV transition is
associated with the decay of 1®^gRe and therefore the relative intensity
of the 537 keV peak to the 539 keV peak increases as the source ages.
Great care was taken here in obtaining the 539 keV gamma-ray intensity.
Several spectra were taken of these transitions for the purpose of
intensity measurements.
by computer fits.

The resultant spectra were analyzed by hand and

The intensities computed by the two methods agreed to
gg

within the experimental undertainty of 8%.

Yates et al.

were unable

to see the 539 keV transition in their study of the decay of
because of the strength of the 537 keV transition.

181*
Ta

The 537 keV

Table 5.8. B(E2) ratios for transitions from the K=2 hand in

B(E2; I±
Ey (i ±

If)

(1^

Ift)

903 (2
792 (2

0)
2)

Theoiya;
(Adiabatic)

0.698

If) / B(E2; I±

Ifl)

Experiment
Present work

Canty et al.13)

Yates et al.c)

0.561 (20)

0.531 (23)

0.53 (2)

792 (2 -v 2)
539 (2 H- U)

19.9

l8.k (15)

903 (2 0)
539 (2 ^ k)

13.9

10.3 (9)

895 (3 2)
6U2 (3 -»■ k)

2.5

1.72 (6)

1.59 (8)

l.k5 (13)

1023 (k + 2)
770 (1* •* U)

0.3k

0.197 (lk)

0.20 (1)

0.17 (2)

16.2 (10)
8.6l (5k)

a) From the ratios of the squares of Clebsch-Gordan coefficients.
The ^®^Re decay study of reference 77.
c) The ^®^Ta decay study of reference 86.
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transition depopulates the 1285 keV level which is fed very strongly
in the decay of ^®**Ta.

Milner et al.^ computed B(E2) ratios for

transitions depopulating the 2+ 903 keV level and the ratio involving
the 903 and 792 keV transitions is in agreement with those presented in
table 5.8.

However the ratios involving the 539 keV transition differed

greatly from those in table 5.8.

As they noted in their paper, this is

probably due to a possible contamination in their weak 539 keV spectral
86
peak. Another interesting point is that the ratios of Yates et al.
(l^^Ta decay) involving the 1023 and 770 keV transitions is lower than
181*
the ratios obtained from measurements on the decay of
Re. Possible
consequences of these discrepancies are considered in Chapter 7.
U.

The K=0 Quadrupole Vibrational Band
Data gathered in this study are sufficient to firmly establish

that the 2+ rotational level at 1122 keV is the first member of the
K=0 quadrupole vibrational band.
communication.^

This was first reported in an earlier

The 0+ band head at 1002 keV as well as the 2+ level

at 1122 keV have been observed by others®®"^1 via (d,d') and (n,y)
experiments.

Transitions of 1002 and 891 keV from the 0+ 1002 keV
J.

4.

level to the 0 and 2 levels respectively in the ground state rota
tional band are expected if the 1002 keV level is populated in the
•L®^Re decay.

The 1002 keV transition would be E0 in character and only

observable in the conversion electron spectrum.
would be E2.

The 891 keV transition

Although no '891 keV gamma ray was observed, a weak line

of this energy could have been hidden in the low energy tail of the
intense 895 keV transition.

There were lines observed in the conversion

electron spectrum which would energetically correspond to K-shell

13U

conversion lines of 891 and 1002 keV transitions, but there were also
coincidence sum peaks at these energies with computed areas equal,
within the experimental uncertainty, to the observed intensity.

Since

this uncertainty was rather large, some residual intensity for weak
K-shell conversion lines at these energies is possible.

Since the

1002 keV level and the 891 keV transition could not be firmly estab
lished they were placed as dashed lines in figure 5.10.
The inertial parameter, A = 19.9 keV, for the K=0 band was
computed using the level energies of 1002.3 and 1121.59 keV.

This is

identical to the value of 19.9 keV reported by reference 88 for the
K=0 vibrational band in

182
W.

On the basis of this parameter alone,

the U+ member would lie at 1U00 keV.

Kleinheinz et al.^ have inter*OQ
l8U
preted a level at 1358 keV observed in the (d,d') study
of
W as
the U+ level of the K=0 band.

However, no evidence could be found for

a level at this energy from data collected in this study.
The 2+ 1122 keV level was established on the basis of the 1122,
1010, and 758 keV transitions. ,The multipolarity of the 1010 keV
transition is of special interest since an E0 component is possible.
rrO
Krane et al.
determined by gamma-gamma angular correlation work that
the 1010 keV transition was an Ml + E2 admixture with a 15# Ml component.
However, the K-shell conversion coefficients for this transition
obtained here (table 5.2) indicate a much more substantial Ml contri
bution.

In addition, others^»8o,8U also indicate a very large K-shell

conversion coefficient for this transition, being above the theoret2f?
7T 80
ical
value for an Ml multipole in two caseB11 * . The E0 component
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is not observed in gamma emission and consequently not observed in
gamma-gamma correlations.

Therefore, the excess conversion intensity

must arise from a siseable EO contribution.

In fact, using 15# as

the Ml component and our gamma-ray and K-shell conversion intensity,
one finds that 38# of the conversion intensity of the 1010 keV transi
tion is accounted for by an EO component.
of the total transition strength.

This corresponds to 0.3# of

This transition will be discussed

further in Chapter 7. The 758 keV transition is very weak. Kukoc
On
et al.
were the first to observe this transition in decay studies of
■^^Re.

Although its gamma ray was observed in the present work, its

conversion line was too weak to be discerned.

The 1122 keV level of

18^W is weakly populated in the decay of ^®^Re and, therefore, the
three transitions observed de-exciting the level are all relatively
weak.

The B(E2) ratios for these K=0 to K=0 interband transitions are

presented in table 5.9.

In computing these ratios, the gamma-ray

intensity of the 1010 keV transition was reduced by 15# to account for
the Ml admixture as measured by reference 78 in gamma-gamma angular
correlation work.

The ratios of Casten and Kane®^ and Faler et al.^

obtained from their (n,y) experiments are also presented in table 5*9.
These results are all within experimental error of each other.

The

mixing of this band with the ground state rotational band and the K=2
vibrational band will be discussed in Chapter 7.
5.

The K=2 Octupole Vibrational Band
Several earlier studies®® *®®*®** of the decay of ^®^Re had

established levels in

at 1221 and 1130 keV.

Although I11 = 3” was

Table 5.9. B(E2) ratios for transitions from the K=0 hand in

B(E2; Ii -*• If) / B(E2; I± + If.)
Ey (I±

If)

E

If,)

(I±

Experiment^)

Theory3-^
(Adiabatic)
Present work

Casten and Kanec)

Faler et al.^)

1122 (2 -*■ 0)
1010 (2 -*■ 2)

0.699

0.209 (62)

0.287 (81

0.35 (9)

1010 (2 -► 2)
758 (2 -► M

0.555

0.U0 (11)

0.31 (9)

0.2U (6)

1122 (2 0)
758 (2 ■* It)

0.388

0.08U (33)

0.087 (2U)

0.085 (26)

' From the ratios of the squares of Clebsch-Gordan coefficients.
**) The observed gamma-ray intensity of the 1010 keV transition has been reduced by 15Jf to correct for
the Ml admixture in this transition as measured by reference 78 in gamma-gamma correlation work.
c) From the (n,y) experiment of reference 89.
^

From the (n,y) experiment of reference 91.
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determined for the 1221 keV level, the spin assignment of the 1130 keV
level was ambiguous.

Gunther et al.

88

concluded from (d,d!)

experiments that the 1130 keV level had a spin of 2" and that the 1130
and 1221 keV levels were members of a K=2 octupole vibrational band.
Transitions of 1019, 227, and 12k keV depopulate the level at
1130 keV.

The 227 keV transition is the only one for which conversion

coefficients could be obtained.

A weighted average of the K-, L-, and

M-shell conversion coefficients indicates that the 227 keV transition
is El + M2 with 89 ± 2% El.

The corresponding K-shell coefficients of

reference 8U also indicates an El + M2 admixture, but with 98# El.
Krane et al.^® reported an El component of 88# on the same basis for
this transition in gamma-gamma angular correlation work.

Although

multipolarities for the 1019 and 12U keV transitions are not known,
the El character of the 227 keV transition confirms the negative parity
of the 1130 keV level and makes a spin of 2 a reasonable assignment.
Transitions of 1221, 1110, 857> 318, 215, and 91 keV are associated with
the depopulation of the 3" 1221 keV level.
was found to be El.

The 318 keV transition

As discussed in section B, the gamma-ray

intensities of the unresolvable 215 keV El and 216 keV E2 transitions
were determined using the results of reference 80 which indicates that
IY(215)/IyC216) = 0.29 ± 0.0U.
The B(El) ratios obtained here as well as by other recent
studies'^* ®^ involving transitions from the 1130 and 1221 keV levels are
presented in table 5.10.

Although our 227/12k B(El) ratio is lower

than that of references 77 and 86, all the ratios favor a K=2 assign-

Table 5.10.

B(El) ratios for transitions from the

= 2" hand in

B(E1; I± -> If) / B(E1; I±
-»■ i

Ey

ey

(i±

Theorya^
(Adiahatic)

f )

Experiment^)

Ift)

1110 (3 + 2)
857 (3 -► 1*)

(M
ii

318 (3 -*■ 2)
215 (3 -»• 3)

W*

II

2)
3)

H

227 (2
124 (2

0.5

2.0

0.113

0.716

1.3

2.5

Kj; = 3

2.86

Present work

Pure El multipolarities are assumed.

°) Reference 77.
^

From the ^®**Ta decay study of reference 86.

Canty et al.c)

Yates et al.^)

1.34 (30)

2.03 (33)

2.27 (23)

0.69 (10)

0.68 (11)

0.62 (4)

1.1 (3)

1.8 (2)

1.5 (1)

a) From ratios of the squares of Clehsch-Gordan coefficients.
^)

Iff)
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ment for the 1130 keV level.

Similarly, all the experimental ratios

given involving the 318 and 215 keV transitions are in best agreement
for a K=2 assignment for the 1221 keV level.

The B(El) ratio obtained

here as well as by references 77 and 86 involving transitions to the
ground state band is low for a K-2 assignment.

However, pure El

multipolarities have been assumed for these transitions since conversion
lines for the weak 1110 and 857 keV transitions could not be discerned
in our electron spectra.

Similar transitions from the 3" level of the

^ Do

K=2 octupole band in
and/or E3 admixtures.

QO

W have been shown

Q/f

*

to contain sizeable M2

The gamma-gamma angular correlation results

of reference 78 indicate that there is less than 1% M2 admixture in
the predominantly El 1110 keV transition.

However, there is no

reported data on the multipolarity of the 857 keV transition.

A large

M2 or E3 admixture in this transition would bring the B(El) ratio
involving this transition into closer agreement with the theoretical
2U
value
for a K=2 assignment for the 1221 keV level.

We concluded that

the results of this present study as well as the recent studiesT7»86
of the decays of ^®**Re and ^®N?a substantiate the earlier assignment®®
of the 1130 and 1221 keV levels to a K=2 octupole band.

In addition,
18U
the U“ member of this band was located at 13^5 keV in the
Ta decay

study of reference 86.

This level energy is in excellent agreement

with the value of 13^3 keV predicted on the basis of the inertial
parameter A = 15*2 keV (table 5*7)•

Also, it should be noted that
go

this value for A is in good agreement with the value

of lU.2 keV

determined for the well established K°2 octupole band in

182
W.

Lipas and Da'ddson^^ made predictions of the energy spacings
between the K-/r = 2+ and K1* = 2“ vibrational states in their theoretical
treatment of octupole vibrations in deformed nuclei.
obtained an energy spacing of 220 keV.

For

lflll
W they

This is in excellent agreement

with the observed spacing of 227 keV (1130 keV - 903 keV).

In addition,

in their microscopic treatment of octupole effects Neergard and Vogel^f
predicted the location of the K=0,l,2,3 negative parity states.

They

predicted the K" = 2“ state to be at 1310 keV, in poor agreement with
the observed value of 1130 keV.

The K=0,1, and 3 negative parity states

were predicted at 1890, 1710, and 1360 keV respectively, however there
is no experimental evidence for any of these states.
6.

The 2+ 1306 keV Level
Earlier "^Re decay work^»80,8l as wen as Coulomb excitation and

(d,d') studies®®’^

indicated that the level at 1386 keV is collective

in nature with either a K=0 or 2 assignment.

The 1386, 1275, and U83

keV transitions connect the level to lower states with spins Z 2.

The

1275 and 1386 keV K-shell conversion coefficients were determined to be
Ml + E2 with a possible E0 component and pure E2 respectively (see
table 5.2).

The U83 keV transition was found to be largely E0 with

some Ml + E2 admixture.

These measurements and the fact that the level

at 903 keV (fed by the U83 keV transition) is firmly established as
I^jK = 2+,2 demands a K=2 assignment for the 1386 keV level.

This is

supported by the B(E2) ratios for transitions to the ground state
rotational band.

The B(E2) ratio for transitions to the 0+ and 2+

levels is 0.60 ± 0.08 assuming pure E2 multipolarity for both transi-

«

Table 7.2.
E (I.

Y

1

Band-mixing parameters for the K=0 hand in

If)

E ( I . - If .)

B(E2; I±

If)

B(E2; I± -' If,)

Theory8^
(Adiabatic)

Zo X 1 0 3

no B-y mixing

B-y mixing
z

1122 (2
1010 (2

o)

By

=

“0.°°31

z By

= -0.0133

0.209 (62)

0.699

75 (20)

7U (20)

72 (20)

2)
1010 (2
758 (2 - **)

0.U0 (11)

0.555

13 (17)

13 (17)

Ik (17)

1122 (2 + o)
758 (2 - k)

0 .08U (33)

0.388

1*3 (12)

1*3 (12)

U2 (12)

€l)
^)

2)

From the ratios of the squares of Clebsch-Gordan coefficients.
The Coulomb excitation data of ref. 92 was used along with Zg^ to compute

= -1.7 x 10“^ and

7.3 x 10”^ for the lower and Tipper limits of zgy respectively.

H
ON
-j

Ih2

7.

Intrinsic

States

The 7“ 1501 and 5” 1285 keV levels are interpreted as intrinsic
(particle)

s t a t e s ' ^ *87.

The 6” lUU6 keV level can then be interpreted as

the first rotational level of the 5" band.

The 7“ level arises from a

coupling of the ll/2+ [615] and 3/2“ [512] neutron orbitals and
similarly the 5“ level from a coupling of the ll/2+ [615] and 1/2“ [510}
neutron orbitals.

The 7“ 1501 keV level is populated by the electron

capture decay of 8" ^ ^ R e and de-excited by the 216 keV E2 and the 55
keV Ml + E2 transitions.

The 55 keV transition.'.populates the 6“ 1UU6

keV level which is de-excited by the l6l keV Ml + E2 transition.

The

5” 1285 keV level is then populated by the 216 and l6l keV transitions.
The large AK between these levels and all lower lying levels accounts
for the

measured®^

lifetime of 8.3 microseconds for the 1285 keV state

which is de-excited by the 1171*, 921, 537, and 6k keV transitions.
The conversion coefficients for the 117^ keV transition obtained here
and by references 80 and 8U are in agreement with an E3 assignment.
The 921 keV transition was determined to primarily El with a small
admixture of M2 and/or E3.

An El + M2 interpretation implies that

1.9 ± 1.2# of the gamma-ray intensity is M2.
yields 5.8 ± 3.8# E3.

An El + E3 interpretation

The experimental K-shell conversion

coefficient for the 537 indicates that within a rather large experi
mental error, it is pure El.

CHAPTER VI
THE DECAYS OP l86RE AND l88RE
A.

Introduction

186
188
Os and
Os are two protons and then two neutrons
l8U
further removed from the deformed mass region than
W. They have
The nuclei

been investigated following the decay of both Ir and Re8**
well as by several reaction1^ a n d
The work reported here on

f as

Coulomb excitation^2 *'L0^ studies.

186
188
Os and
Os was concerned mainly with

18U
obtaining band-mixing parameters to compare with those of
W.
i86
188
Gamma-ray spectroscopy following the beta decay of
Re and
Re
was sufficient for this purpose.

Although the scope of the investi-

gation was limited, several new features of the

Os level scheme

are presented.
B.
1.

The Decay of

Experimental Results

l86
Re

A typical gamma-ray spectrum of the decay of

186
Re is shown

in

figure 6.1. The only identifiable contaminantin the source was the
1flfl
16.7 hour
Re. However, the only gamma ray seen from this
contaminant was that at 155 keV which did not interfere with the
measurements.

Lines due to the radiative background of the lab are

identified as B.G.

The energies and intensities given in table 6.1

are the weighted averages of several determinations.

The multi

polarities given in table 6.1 were taken from references 99 and 103.
The total transition intensities given were obtained using our
1U3
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gamma-ray intensities and theoretical conversion coefficients of
reference 26. The 123 keV gamma ray is associated with the electron
186
186
capture decay of
Re to
W and is the only gamma ray observed for
this decay.

Several spectra were accumulated for long periods of time

(up to ihk hours), in an effort to observe the 333.5 keV transition of
l86
+
Re which de-excites the 2 level of the first K=2 band and

populates the 1*+ level of the ground state rotational band.

Although

the transition was not clearly observable, the upper limit of its
gamma-ray intensity was determined to be 0.15 units, when the sum of
the intensities of the 630 and 768 keV gamma rays is set to 100 units.
This is consistent with the recent results of Fogelberg^ who
determined its intensity to be 0.11 ± 0.03 units (normalized to this
data via the 630 keV transition).
Table 6.1.

Transition energies and intensities in the decay of

Transition
Energy (keV)

Gamma-ray \
Intensity

122.63 (2)
137.16 (2)
333.He)
630.50 (8)

990 (35)
15570 (527)
* 0.15

767.57 (8)

1*6.8 (17)
53.2 (20)

a(L)t)

186
Re.

Total
Intensity

E2
E2
E2

2781* (98)
31*891 (1180)
£ 0.16

E2
E2

1*7.U (17)
53.6 (20)

The gamma-ray intensities are normalized such that 1^ (630) +

i.

Iy (768) = 100 units.
\
' The multipolarities were obtained using the internal conversion
data of references 99’and 103.
The energy of this transition is from reference 97.

lU6

2.

The Decay of '•^Re
A typical spectrum of the gamma rays following the decay of

is shown in figures 6.2 and 6.3.
in the sources were 90 hour

188
Re

The only identifiable contaminants

186
2h
Re and 15 hour Na.

Neither of these

contaminants presented any problems in energy or intensity measurements.
Several lines associated with radiative background of the laboratory
are also observed in the high energy region and are identified as
B.G.

The intense 155 keV gamma ray produced a random sum peak on the

Compton edge of the U78 keV gamma ray at approximately 310 keV.

The
188
gamma-ray energies and intensities associated with the decay of
Re
are presented in table 6.2.

The final intensity for a given gamma ray

is a weighted average of the intensity determined in several
measurements.
reference 100.

The multipolarities given in table 6.2 were taken from
For transitions below 1 MeV the total transition'

intensities in table 6.2 were obtained from gamma-ray intensities and
theoretical conversion coefficients of reference 26.

For transitions

above 1 MeV the gamma-ray intensity was taken to be the total intensity.
Twenty-eight gamma rays were observed to follow the decay of

l88
Re.

Yamazaki and Sato^0 observed 26 of these gamma rays as well as 7
additional ones of which only one, that at 1171 keV, could be
incorporated in their decay scheme.

They also reported a gamma ray at

1368.5 keV which was also observed here but
15 hour ^Na contaminant.

whichwe attributed to the

The gamma rays at 1305

and 1653 keV, not

reported in reference 100 were observed andincorporated in the
level scheme.

Although the 633 and 635 keV

gammarays were not

X88
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Table 6.2.

Transition energies and intensities in the decay of

1 flfl

Re.

Energy (keV)

Gamma-ray
Intensity®-'

.
a(L) '

Total
Intensity

155.0U
322.93
1*53.33
1*77.96
1*86.09
633.01*
631*.98
672.51
825.87
829.51
81*6.30
931.32
1017.57
1132.1*2
1150.32
1171*.63
1191.96
1301*.7
1308.02
1323.10
11*57.67
1610.1*3
1652.73
1669.99
1786.06
1802.10
I86U.5I*
1956.63

930
0.92
1*.1*0
61*.9
5.06
80.1
6.7
6.9
3.18
25.89
0.1*6
35.07
0.77
5.65
2.19
1.33
0.86
0.73
1*.27
0.75
1.2l*
5.87
0.18
0.51
1.25
2.26
0.1*0
1.09

E2
E2
(E2)
•E2

1667
0.98
1*.53
66.9

(Ul)
(6)
(12)
(17)

E2
E2
El
Ml
El

81.1
6.7
6.9
3.21*
25.97

(50)
(11)
(2)
(35)
(70)

(E2)
Ml

35.07
0.77
5.65
2.19
1.33
0.86
0.73
1+.27
0.75
1.21*
5.87
0.18
0.51
1.25
2.26
0.1*0
1.09

(91)
(1*)
(21*)
(12)
(8)
(7)
(11)
(21)
(7)
(8)
(26)
(5)

(2)
(30)
(3)
(3)
(6)
(3)
(10)
(3)
(61)
(3)
(12)
(3)
(7)
(8)
(6)
(7)
(9)
(7)
(6)
(9)
(9)
(5)
(36)
(11)
(8)
(16)
(12)
(30)

23)
6)
12)
16)
11*)
50)
11)
2)
32)
66)
7)
91)
1*)
21*)
12)
8)
7)
11)
21)
7)
8)
26)
5)
1*)
7)
11)
5)
16)

Ml + E2
Ml

El
Ml + E2

El

a) The gamma-ray intensities are normalized such that Iy (1*78) +
Iy (931) = 100 units.
^^

The multipolarities were obtained using the internal conversion
data of reference 100.
parenthesis.

Uncertain assignments are placed in

(k)

(7)
(11)
(5)
(16)
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clearly resolved, their intensity contributions were separated using
the fact that the 3+ 790 keV level de-excites mainly through the 635
and 312 keV transitions and is populated by transitions of known
1flfl
intensity (the
feeding from the 1~
Re would be negligible).
The intensity of the 635 keV transition was taken then to be the total
of the populating transitions less that of the 312 keV transition.

The

intensity of the 312 keV transition is further discussed in section D
on the decay scheme of

l88
Re.

C.

The ^®^Re Decay Scheme

The decay scheme for the 90 hour ^®^Re to levels in ^®^0s is
shown in figure 6.k.

Not shown is the 5# of its decay which proceeds

by electron capture to the levels in the ground state rotational band
of

Of the 95# of the decay to levels in "^Os, 78# goes

directly to the ground state.

103

The beta decay branching to the

excited levels was computed by intensity balancing, and the log ft
values determined using a Q value of 1.071 MeV (reference 9M.

The

333.5 and 296.7 keV transitions which proceed in and out of the
level at U3^ keV respectively are dashed because they were not clearly
resolved from the Compton continuum in thiswork.
observed both of these transitions however.

Fogelberg

97

has

The levels in the present

scheme, as well as additional members of the ground state and K=2
85 97 99
rotational bands have been seen in decay studies *
*of

186
Ir as

107 108
92 109
well as in reaction
*
and Coulomb excitation *
studies. The
inertial parameters, A and B, for the ground state rotational band
(see equation of table 5.7) are 23.*+ keV and -83.8 eV respectively.

90k

189,

&?

80

787.60

(219 « )

157.16

7.7
Log ft

186,
76

UN
110

Figure 6.U The decay scheme of 186Re.
vn

H
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The B(E2) ratios of transitions from the 2* level of the 10=2

quadrupole vibrational band to levels in the ground state rotational
band are given in table 6.3.

For comparison, B(E2) ratios vere also

computed from the reduced gamma-ray intensities presented in table 8
of reference 97.

A B(E2) ratio for the 788 and 630 keV transitions

computed using the gamma-ray intensities of Suglhara et al.^ is 0.29 ±
109
0.13, and Coulomb excitation studies of Casten et al.
and Milner

et al.^2 yielded ratios of 0.1*55 ± 0.023 and 0.1*60 1 0.023 respectively.
The B(E2) ratios calculated here involving the 333.5 keV transition
are given in terms of lover limits because only the upper limit of the
333.5 keV gamma-ray intensity vas determined.
D.
The decay scheme of

The *®®Re Decay Scheme

l8B
Re, presented in figure 6.5 contains 26 of

the 28 observed gamma rays.

of 1*86.09 and 81*6.3 keV.

The two unplaced gamma rays had energies

The relative beta decay branching ratios and

corresponding log ft values for this decay are also given inwfigure
6.5.

of

Mote that 7 ^ of the decay proceeds directly to the ground state

iflft 101
0s.

The beta decay branching to excited levels vas obtained

by intensity balancing each level.

Toted intensities for transitions

less than 1 MeV vere computed using measured gamma-ray intensities and

theoretical

conversion coefficients.

The log ft values vere

determined using a Q value of 2.116 MeV (reference 9*0•

The scheme in figure 6.5 has many features similar to others
established in ^ ^ R e decay studies 1°°“10^ . Except for levels at 1825
and 1*78 keV, it is equivalent to that of Yamazaki and Sato
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Table 6.3.

B(E2) ratios for transitions from the K=2 band in

Ey (I± - If)

186

Os.

B(E2; I1 .-*• If) / B(E2; I± -v If1)
Theorya)
(Adiabatic)

EY (I± ->■ Ifl)

Experiment
Present Work

768 (2 -► 0)
630 (2 -»■ 2)

b)
Fogelberg

0.424 (22)

0.698

630 (2
334 (2

2)
1+)

19.9

> 13.4

768 (2
334 (2

0)
4)

13.9

>

0.421 (15)

17.6

(42)

7.4

(33)

5.7

From the ratios of the squares of Clebsch-Gordan coefficients.
*U\
These values were computed from the reported intensities of
reference 97The level at 1825 was established on the basis of energy sums involving
the 1670 and 1192 keV gamma rays and lower lying levels.

Dzelepov

et al.^0*2 tentatively proposed a level at this energy on the basis of
these same transitions. Yamazaki and Sato^^ were able to establish
1flfl

a 4+ level at 478 keV in their study of
Ir decay. If this level
l88
is excited in the decay of
Re, a transition of 323 keV should be
observed.

A weak gamma-ray transition at 322.9 keV was observed here

and found to have a relative intensity within 10# of the intensity for
the gamma ray at 321.lv keV observed by reference 100 in their
decay study.

188
Re

Although they-^ did not place the 478 keV level or the

321.4 keV gamma ray in their

l88
Re decay scheme, it is felt that the

observed 322.9 keV gamma ray is, in fact, the depopulating transition

155

for the H78 keV level.
the decay of

A gamma-ray transition at 312 keV found in

188
Ir could be the populating transition.

Based on the

observed intensity of the 322.9 keV gamma ray, it would be possible for
the gamma ray of a 312 keV transition with total intensity equal to
that of the 322.9 keV transition to be buried in the Compton edge of •
the intense U78 keV transition.

IBierefore, the

level has been

placed in the scheme with the 312 keV populating transition dashed in.
The levels at 155 and U78 keV are the 2+ and U+ members of the
ground state rotational band with inertial parameters, A and B defined
earlier, of 26.7 keV and -138 eV respectively,

Ihese parameters

predict the 6+ and 8+ levels to be at 876 and 1203 keV respectively.
They were observed at 9^0 and 1515 keV in a recent (a,2n) reaction
study1®^.

It is evident that although the two parameter rotational

equation is fairly successful in predicting level energies in
rotational bands in deformed nuclei, it does not do well for this
transitional nucleus.
The 2+ and 3+ levels at 633 and 790 keV are the band head and
first rotational member of the K»2 vibrational band.

The 2+ through

5+ members were experimentally observed in the recent study of
reference 107 and their energy for the U+ level (986 keV) was used in
conjunction with those determined here for the 2+ and 3+ levels to
determine the inertial parameters A * 27.9 keV and B » -298 eV.

These

parameters predict that the 5+ level would be located at 1131 keV.
It is observed at 1182 keV.10^
The B(E2} ratios for transitions from the K*»2 band were of
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special interest in this study.
+

x*

The 633 and 1*78 keV transitions from
+

+

the 2 member at 633 keV to the 0 and 2 members of the ground state
band were observed.

Based on systematics of other K=2 bands, a weak

transition to the 1++ level at U78 keV would also be expected.

However,

such a transition would have an energy of 155.0U keV which is within
0.01 keV of the intense 155 keV ground state transition.

Although it

is very likely that such a transition exists, it would be very
difficult to determine its intensity in coincidence work because of
the direct cascade to the ground state via the 323 keV transition and
because the intensity of the weak 155 keV transition is probably less
than 0.1% of the total intensity.

Therefore, the only ratio that was

formed was that involving the 633 and 1+78 keV transitions.

As

discussed earlier, the 633 keV line contained the weak unresolvable
635 keV component and its intensity was removed from that of the 633 keV
transition by balancing intensities in and out of the 790 keV level.
This procedure was critical since the B(E2) ratio was affected.

The

B(E2) ratio for the 633 keV transition to the 1*78 keV transition,
(2 -*■ 0)/(2 •> 2), was determined to be 0.30 ± 0.03.
studies of Milner et al.

92

Coulomb excitation

109
and Casten et al.
have yielded results of

0.317 ± 0.012 and .31*2 ± 0.018 respectively for this ratio, while
Yamazaki and Sato'1'0® obtained a ratio of 0.3l*l* ± 0.062 in their decay
studies.

A ratio was not determined for the 635 and 312 keV

transitions which depopulate the 3+ level at 790 keV since the inten
sity of the 312 keV transition was uncertain.

Yamazaki'1'0^ obtained a

B(E2) ratio of 0.69 ± O.ll* for these transitions using conversion
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electron data observed in the decay of •^Ir.

A similar method was

Oc

used by Harmatz and Handley

who obtained a ratio of 0.50.

Two 0+ states of 1086 and 1765 keV have been observed in the decay
of l®®Re100“10^# There is no evidence that these levels are excited in
the decay of 2”

Casten et al.*^ observed the 0+ level at 1086

keV in Coulomb excitation work.

The spins of these levels were
105.106
determined by means of gamma-gamma angular correlations
. The

only transitions observed depopulating the level at 1086 keV are the
931 and the 453 keV transitions which populate the 2+ levels at 155 keV
and 633 keV respectively.

The B(E2) ratio for the 453 to 931 keV

transition is 4.6 ± 0.2, which is not in agreement with theoretical
values10** for either a two phonon gamma-vibrational level (0.2) or
a beta-vibrational level (200).

This fact, as well as others, prohibit

any definite assignment as to the nature of this level.

The observed

transitions from the 1765 keV level are the l6l0 keV transition to the
2+ level at 155 keV and the 1132 keV transition to the 2+ level at
633 keV.

The nature of this level is also not definite.

Although the

log ft of 8.0 for the beta decay to the level at 1765 keV is consistent
with it being assigned as the band head of a K=0 beta-vibrational band,
the experimental B(E2) ratio of 5.6 ± 0.5 for the 1132 to l6l0 keV
transition does not allow such an assignment.

Furthermore, the 2+

member of such a K=0 band was not observed and one would expect it to
be populated from. 1“ "^Re.
The 1305 keV level which is depopulated by transitions of 1304.7
and 1150.3 keV was assigned a spin of 2+. Yamazaki and Sato‘S
observed the 1150 keV transition in l88Re as well as ^^Ir decay, and
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determined it to be Ml + E2.

They also observed a transition at

1303.7 keV from the decay of ^®®Ir, but were not able to discern one
in the 1®®Re decay.

It is felt that this 1303.7 keV transition

corresponds to the 130U.7 keV transition that was observed here.

There

were large experimental •uncertainties for this line in the present
work as well as that of Yamazaki and Sato^O.
coincidence work on the

on the basis of

decay, they placed this transition

between the 2+ level at 633 keV and a level at 1937 keV.

However, no

other transition could be associated with a level at this energy.
Relative to the intensity of the 1150 keV gamma ray, the 1303.7 keV
gamma ray in

1 AA

s

Ir is approximately 2,k times as intense as the 130U.7

keV gamma ray observed here in the

1AA
Re decay.

Of course, this dif

ference in relative intensities might Just reflect the relative amounts
T ftQ

of feeding to a 1937 keV level from

1 AA

Re and

Ir decay.

Since no

additional transitions could be associated energetically with the
population or depopulation of a level at about 1937 keV, the 130U.7
keV transition observed here was totally associated with the depopu
lation of the 1305 keV level.

By taking the 1305 and 1150 keV

transitions as the depopulating transitions and beta decay as the only
populating intensity, one obtains a log ft of 9*8 which is indicative
of a spin of 2 or 3 for the 1305 keV level.

The presence of the 130U.7

keV transition to the ground state of •1-®®0s favors the 1=2 assignment,
and the Ml + E2 nature of the 1150 keV transition implies that the
parity is positive.
A level at IH58 keV can be established on the basis of transitions
at llt58 and 826 keV which are observed in both ^®®Re and ^^Ir decay‘d .
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Internal conversion coefficients indicate that the multipolarity of
the 826 keV transition is Ml and the 11*58 keV transition is Ml + E2.
The 11*58 keV transition proceeds to the 0+ ground state and the 826
keV transition populates the 2+ member of the K=2 vibrational band at
633 keV.

These facts imply that the spin of this level should be 1+.
l88
However, the log ft for beta decay from 1"
Re to this level is 9.3,
l88
and the log ft value for the electron capture decay of 2“
Ir as
measured by reference 100 is 8.2.

Since these latter facts imply that

a spin of 2+ is more likely, it is not possible at this time to
differentiate between 1+ or 2+ for the spin of the 1U58 keV level.
188
Transitions at 830 and 673 keV are observed in the decay of
Re
as well as

l88 100
Ir
. Internal conversion coefficients indicate that

both the 673 and 830 keV transitions are El.

Furthermore, coincidence

experiments on ^®®Ir decay"^^ indicate that these transitions
depopulate a level at lU63 keV.

The 830 keV transition proceeds to the

K77,! = 2+,2 level at 633 keV and the 673 keV transition to the K^,
I = 2+,3 level at 790 keV. The log ft values for the ^®®Re beta decay
l88
and the
Ir electron capture decay to this level are 8.1* and 7.8
(reference 100) respectively.

These facts are all consistent with the

assignment I1* = 2". With such an assignment, the experimental B(El)
pit

ratio would be 2.0 ± 0.1, in good agreement with predictions
K=2 assignment.

for a

It is concluded, therefore, that the level at ll*63

keV is negative parity with K = I = 2.

If the rotational parameters

for a negative parity band based on the 11*63 keV level are assumed to
be e<iual to those of the ground state rotational band, an I1 = 3"
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level should he located in the vicinity of 1617 keV.

Wo evidence for

such a level was found however.
The 1808 keV level has been determined to he of positive parity
with a spin of 2.

Three transitions, associated with its decay, have

been determined to he Ml from experimental conversion coefficients.100
These transitions (1653,1175 and 1018 keV) proceed to the 2+ member of
the ground state hand and to the 2+ and 3+ members of the K=2
vibrational band.

Their Ml character implies that the 1808 keV level

is consistent only with Iu = 2+ or 3+ . However, 2+ is preferred since
the 1®®Re beta decay log ft of 8.5 is more in line with an 1=2
assignment.

If the 1175 and 1018 keV transitions, are assumed to be

pure Ml then the B(Ml) ratio is 1.12 ± 0.09.

ALaga2^ values for

1^,1 = l+ ,2 and K11,! = 2+,2 are 0.5 and 2.0 respectively.

All that can

be concluded, therefore, is that the level at 1808 keV is I* = 2+.
The 1825 keV level is depopulated by the 1670 and 1192 keV
transitions which feed the 2+ members of the ground state rotational
and K=2 band respectively.

The multipolarities for these transitions
«

^

are not known and, consequently, the log ft of 8.6 for the

188

Re decay

to this level is the sole basis of assigning spin possibilities of 2 or
3 to the level.

It is disturbing that this level is not indicated in
100
188
the scheme of Yamazaki and Sato
obtained from the
Ir decay. It
must be noted, however, that there appear to be peaks at about 1670
and 1192 keV in their100 published gamma-ray spectra.
Transitions of 1786 and 1308 keV were associated with the
,
106
depopulation of the 19**1 keV level. Arns et al.
assigned a spin of

l6l

2 to this level on the basis of angular correlation work on the
1308-633 keV cascade.

However, the low log ft value and the fact that
188
this level does not seem to be populated in the decay of
Ir does not
rule out an 1=1 assignment.

It is inconclusive at this point as to

whether the spin is 1 or 2.
The 1957 keV level has depopulating transitions of 1957* 1802, and
1323 keV.

The 1802 and 1323 keV transitions have also been observed in
1 QQ

the decay of

1 A A

Ir and have been determined to be of El multipolarity.

The experimental B(El) ratio for the 1802 and 1323 keV transition is
1.2 ± 0.1.

These facts suggest an 1=2 assignment, but the log ft for
- Q Q

electron capture decay of

l 8 8

Ir is higher (8.5) than that for the

beta decay to the 1957 keV level.
that a spin of 1 is more likely.

This latter information suggests

Re

CHAPTER VII
DISCUSSION AND CONCLUSIONS
A.
1.

Discussion

Introduction
The decays of 1®^Re, 1®^Re, and 1®®Re have been investigated for

the purpose of obtaining energies and intensities of the transitions
^oj.
106
100
between the levels in
Os, and
Os respectively. The major
objective was to determine the applicability of the perturbative
band-mixing model described in Chapter 2 to these nuclei.

In this

model, the rotational-intrinsic interaction is treated as a pertur
bation.

The perturbational terms modify the wave functions and

therefore the reduced E2 transition probabilities.

The modification

of the adiabatic reduced E2 transition probabilities is expressed in
terms of a multiplicative correction factor which is a function of
the band-mixing parameter,

(AK gives difference in K values of the

bands), and the spins of the initial and final nuclear states.
factors are given in equations 2.3b and 2.37 and table 2.1.

These

The modi

fication of the transition probabilities in turn modifies the proba
bility ratios (B(E2) ratios) of transitions from a given band.

In the

adiabatic case recall that the B(E2) ratios of transitions from a given
pji
band are the ratios of the squares of Clebsch-Gordan coefficients.
The value of z ^ for a given pair of transitions from a band can be
computed using the adiabatic B(E2) ratio, the experimental B(E2) ratio
and equations 2.3^ and 2.37*

The criteria for success of the
162
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perturbational band-mixing approach in a given nucleus is that a
consistent set of parameters, z^, is obtained for transitions from
a given band.

For convenience in the following discussion the

parameters Zy (equation 2.35a) and z^ (equation 2.38a) will be
referred to as z2 and zQ respectively.
2.

Band Mixing in

l8U
W

The B(E2) ratios for transitions from the K=2 band in
(see table 5.8) were used to compute the mixing parameter, Zg, which
accounts for the mixing of the K=2 quadrupole vibrational band
(gamma band) and the ground state rotational band.
given in table 7.1.
obtained.

The parameters are

It is obvious that a common Zg parameter was not

This is in contrast to the results of Yates et al.

86

where

values of Zg = 0.01+5, 0.01+3 and 0.01+6 were obtained for the
(2-K))/(2->-2), (3->-2)/(3-*-l+) and (l++2)/(l+->-l+) cases respectively.

They®*’

were not able to observe the 539 keV transition because of the intense
537 keV transition associated with the decay of

l8U
Ta and, consequently

were unable to form ratios for the (2-*2)/(2+l+) and (2-K))/(2->-l+) cases.
This was unfortunate in that the ratios involving the (2+1+) 539 keV
transition are the most non-conforming.

If these ratios had been

ignored in the present analysis, a consistent set of Zg values
although of a different value from that of Yates et al.
0.01+5) would have been obtained.

86

/

(0.033 versus

It should be recalled that the

possibility of Ml contributions in the I -► I and I *♦• I + 1 transitions
has been considered in computing the B(E2) ratios.

The weight of this

data indicates that the first order correction Zg cannot account for

Table T«l«

Band-mixing parameters for the K=2 band in
B(E2; I. -> If)

Theory8-^
z2 x 10^

E (I. + Ifl)

903 (2 -+ 0)
792 (2 2)
792 (2

2)

539 (2

h)

903 (2

0)

539 (2

U)

895 (3 -v 2)
61*2 (3 -► U)
1023 (U -v 2)
770 (1* -► U)

B(E2; I.

If,)

0.561 (20)

(Adiabatic)

0.698

3b)
z by x 10

37.1 (61)

-6.1* (1*5)

18.1* (15)

19.9

5.6 (6U)

-11.1 (33)

10.3 (9)

13.9

15.6 (1*7)

-13.3 (1*7)

1.72 (6)

2.5

28.1* (28)

0.197 (1*0

0.3**

36.6 (1*5)

o]

’ Prom the ratios of the squares of Clehsch-Gordan coefficients.

Confuted using Zg = 0.028k.

-3.1 (17)
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the experimentally obtained B(E2) ratios.
The inability to obtain a consistent set of zg parameters with
which the adiabatic theoretical B(E2) ratios can be brought into
agreement with the experimentally observed ratios suggests that the
possible mixing of the K=2 and K=0 vibrational bands need to be
included in the correction term for the theoretical B(E2) ratio.
mixing is expressed in terms of the parameter ^
parameter z ^ , one must choose a value -for

Zg.

This

computing the
The usual procedure is

to adopt the value for the (3-*-2)/(3->-U) case since transitions from the
3+ member of the K=2 band are unaffected by mixing with the K=0 band.
\

The results for Zg^, presented in table 7.1» were therefore confuted
with Zg = 0.0281t.
obtained.

Obviously a consistent set of Zg^ values is not

The upper limit of the adopted z^ (0.0312) would cause the

Zg^ values to disperse even more.

The lower limit (0.0256) reduces the

dispersion so that three of the parameters are consistent with a
weighted average of Zg^. = -0.007^.

The value for the (W2)/(lu-U) case

would, however, still be two standard deviations outside the average.
The importance of this deviation prompted a careful review of the
(1h -2)/(1|-»-U) B(E2) ratio and the corresponding 770 and 1023 keV gammaray intensities.
The (1»4-2)/(1j-*U) B(E2) ratio obtained here compares more favorably
with those obtained from other

18U
Re decay studies than with that of

the ^N?a decay study of Yates et al.^ (see table 5*8).

The 1386 keV

level observed in the "^Re decay is not populated in the ^®^Ta decay
and, as mentioned earlier, a 1022 keV transition would proceed from the
1386 keV level to the 36U keV

level of the ground state band.

It
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would be energetically indistinguishable from the 1023 keV transition
from the gamma band, and could give rise to an overestimate of the
intensity for the (h+2) transition which would result in a corresponding overestimate of the B(E2) ratio when determined from

Rt decay

TT
+
If, however, one assumes that I ,K = 2 ,2 is a correct assignment for
the level at 1386 keV, as all evidence indicates, then one would
expect the intensity of the 1022 keV transition from the level at
1386 keV to

be approximately 0.0018 units, or only 0.h% of

sity of the

(k+2) transition.

by a factor

of 5, there would still not be sufficient 1022

theinten

Even if this estimate were in error

intensity to appreciably affect the

k«:
.v'

result.

The B(E2) ratios for transitions from the K=0 (beta) band in
(table

5.9)

were used to compute the band-mixing parameter

Zq

which

takes into account the mixing of this band with the ground state
rotational band.

The results are presented in table 7.2 and it is

immediately obvious that a consistent set of parameters is not
obtained.

Therefore the parameter was recomputed by including the

mixing of the K=0 and K=2 vibrational bands.

This was done for the

minimum and maximum values of z ^ (-0.0031 and -0.0133 respectively)
obtained from the band-mixing analysis of the K=2 band.

The results,

which are also presented in table 7.2, clearly indicate that the
band-mixing approach cannot bring the adiabatic theoretical B(E2)
ratios^ into agreement with those obtained experimentally.

The

transition probability ratios involving the (2-^2) 1010 keV transition
were computed after the measured 1010 keV gamma-ray intensity was

Table 7.2.

Band-mixing parameters for the K=0 hand in 18UW.

y i i - If)

B(E2; 1± -v It)

E (I. - If»)

B(E2; 1± - If,)

Theory
(Adiabatic)

*o * lt)3
8-y mixing ^

no 3-y mixing

Zgy — —0.0031

zgy = -0.0133

1122 (2 + o)
1010 (2 2)

0.209 (62)

0.699

75 (20)

7^ (20)

72 (20)

1010 (2 + 2)
758 (2 - k)

0.U0 (11)

0.555

13 (17)

13 (17)

lfc (17)

1122 (2 0)
758 (2 -*)

0.08U (33)

0.388

b3 (12)

U3 (12)

k2 (12)

a)
From the ratios of the squares of Clehsch-Gordan coefficients.
^

The Coulomb excitation data of ref. 92 was used along with
7.3 x 10“** for the lower and upper limits of zgy respectively.

to compute

= -1.7 x 10-ii and
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corrected for a 15% Ml component as discussed in Chapter 5» A 55%
Ml contribution to the intensity of the 1010 keV transition would be
required to bring the zQ values into agreement with one another.
This is clearly outside any possible experimental error and it must
therefore be concluded that the perturbational band-mixing approach
18U
cannot account for the interband B(E2) ratios in the nucleus
W.
As discussed in Chapter 2, band-mixing parameters, zg and zQ,
have been computed from microscopic models using the pairing plus
quadrupole formalism for the nucleon-nucleon forces.

Marshalek’s

method^2 for computing the mixing parameter is to relate them to the
derivatives of the moment of inertia with respect to 3 and y.

The

moment of inertia is taken to be a function of the shape and pairing
gap parameters.

Band-mixing parameters are computed for three

different cases which relate to three values of the moment of inertia,
one being computed using empirical pairing gap parameters (Case I),
another being computed using gap parameters based on experimental
results (Case II), and the third being the one obtained from the
phenomenological model (Case III).

Bes1^ and Pavlichenkov2'1' have

also computed the band-mixing parameter Zg from their microscopic
models.

The values of Zg obtained in these microscopic models are

presented in table 7.3 along with the experimental value of z^
obtained from the B(E2) ratio of the transitions from the 3+ level of
i;li. K=2 band as this ratio is not affected by mixing of the K=0
and K=2 bands.

In addition, the arithmetic average of the diverse Zg

values is presented.

In all cases the microscopic theories over

estimate the degree of band mixing.

For the phenomenological case of
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Table 7.3.

The comparison of experimental band-mixing parameters to
•l Q jl

the predictions of microscopic models for the
nucleus.

W

All Zg values have been multiplied by a factor

of 103.
Experiment_______

Theory________________
Marshalek3^______

z0a^
d

z„ ^
^av

28.lt ± 2.8

2It.7

Bes^ Pavlichenkov^

Case I Case II Case III
1+2

lt2

9b

1+7

60

a) The Zg value obtained from the ratio of the (3+2)/(3+lt)
transition.
The arithmetic mean of the individual Zg values.
Marshalek the confuted parameter is over a factor of 3 higher than
that obtained experimentally.

It is evident that none of these

theoretical approaches satisfactorily describes the band mixing in
181+

W.

In the discussion in Chapter 2, it was noted that the energy

level spacing in a rotational band is modified by admixtures of
different bands.

This was taken into account in equation 2.16 by

an additional term which served to depress the energy levels of the
rotational band.

This additional term was proportional to B, an

inertial mass parameter.

For the ground state rotational band of

B was computed to be -2l+ eV using equation 2.16 and the observed
energies of the 2+ and 1++ levels (see table 5.7).
32

also been computed by Marshalek
value for B in

This quantity has

21
and Pavlichenkov . Marshalek1s

is -72.1 eV for Case I and -68.5 eV for Case II.
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Pavlichenkov obtained a value of

3 eV for this nucleus.

Since

the value of B is directly proportional to the mixing parameters Zg
and Zq , it is again obvious that the microscopic theories of
Pavlichenkov and Marshalek overestimate the mixing of the K=0 and
K=2 vibrational bands with the ground state band.
3.

Band Mixing in l880s and l880s
The B(E2) ratios from the K=2 (gamma) band of ^®^0s (table 6.3)

were used to compute Zg parameters.

Since only an upper limit of the

intensity of the weak 33^ keV (2->-U) transition could be computed, only
a lower limit of the (2-K2)/(2-*M) and (2-*O)/(2+10 B(E2) ratios could be
computed.

This only allowed computation of the upper limit of the

respective Zg parameters for these B(E2) ratios.

The results are shown

in table 7.1*. Even though only upper limits of z2 could be obtained
for two of the ratios, it is obvious that a consistent set of z2
parameters is not obtained.
Table 7.U.

97
It should be noted that Fogelberg
did

Band-mixing parameters for the K=2 band in -^Os.

Ey(Ii*Vlf )

B(E2; I^If)

EY(li+If»)

B(E2; I^Ift)

768 (2-+0)
630 (2->2)

0.U2U (22)

Theory8"^

O
Zg x 10J

(Adiabatic)

0.698

86 (9 )

630 (2+2)
33^ (2+U)

- 13.^

19.9

- 33

768 (2+0)
33h (2->4)

-

13.9

- 53

5.7

From the ratios of the squares of Clebsch-Gordan coefficients.
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obtain an intensity for the weak 334 keV transition.

The intensities

he ^ obtained and related B(E2) ratios do not give a consistent set of
21

Zg parameters either.

Pavlichenkov

IQ

and Bes 7 have predicted Zg

values (0.10 and 0.01*8 respectively) for this nucleus from their micro
scopic models.

Pavlichenkov's value is close to that obtained from

the (2*0)/(2*2) ratio, however Bes' value is more in line with the
21
(2*2)/(2*4) and (2*0)/(2*4) Zg values. Pavlichenkov has also
predicted the mass parameter B for the ground state rotational band
to be -112 eV, in poor agreement with the experimentally obtained
value of -84 eV.
1flfl
For
Os only one B(E2) ratio could be computed, that of the
(2*0)/(2*2) transition.

Comparison of this experimental ratio with

the theoretical one^ gives a Zg parameter of 0.15 ± 0.03.

Yamazaki-^l

was able to obtain a B(E2) ratio of 0.69 ± 0.l4 for the (3*2) and
(3-»J+) transitions from conversion electron data obtained in the study
of the

1flfl
Ir decay.

Using this value for the B(E2) ratio the z2

parameter is 0.114 ± 0.025 which is within experimental uncertainty
of the (2*0)/ (2*2) z2 value.

However it should not be concluded that

a consistent set of Zg parameters can be obtained for the K=2 (gamma)
band Ofl880s since no Zg parameters were obtained involving the
1 OJ,

155 keV (2*4) transition.

In

W the most nonconforming z2 parameters

were those obtained from B(E2) ratios involving the 539 keV (2*4)
transition.

As discussed in Chapter 6, the 155 keV (2*4) transition

would be very weak and energetically indistinguishable from the strong
155 keV (2*0) transition thus making it very difficult to obtain its
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Pi

intensity.

Pavlichenkov

predicted a z2 value of 0.193 for this

transitional nucleus and again this prediction is above that obtained
experimentally.

In addition Pavlichenkov's prediction for the mass

parameter B is -865 eV, a factor of 6 above the experimentally
obtained value of -138 eV.
B.

Conclusions

Band-mixing parameters for the K=2 (gamma) bands of

1O), n
W,
Os,

and ^®®0s have been obtained from comparison of experimental B(E2)
ratios with adiabatic theoretical predictions

pli

of the ratios.

Additionally band-mixing parameters were obtained for the K=0 (beta)
band in

1fill

W.

A consistent set of parameters was not obtained for any

of these nuclei and microscopic model predictions differed from
experimentally obtained values.

However it is noted that the magnitude

of the experimentally obtained z2 parameters from the K=2 (gamma)
l8U
186
l88
W,
0s5 and
Os are increasing as one proceeds from
•j8|i
l88
the more deformed
W nucleus to the more spherical
Os nucleus.

bands of

Although Pavlichenkov's z2 parameters21 follow the same trend, their
magnitude is greater than corresponding experimental values in all
cases thus indicating that Pavlichenkov's theory overestimates the
magnitude of band mixing in this group of nuclei.
It is evident that the perturbational approach to band mixing
does not work in these transitional nuclei.

In addition it has not

enjoyed much success in other parts of the deformed mass region.

In

light of this it is interesting to determine if there are any
definite trends of the Zg parameters for different even-even nuclei
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throughout the deformed mass region.

In table 7.5 the values of Zg

parameters obtained by l) Keller^ for the nuclei ^^Gd, ^®Dy, and
"^Er, 2) Sen110 for the nucleus 1^2Yb, and 3) Sapyta et al.^ for
182W, are presented as well as the Zg parameters obtained here.

This

sampling of nuclei was chosen because it covers the entire deformed
mass region.

There appears to be only one identifiable trend of the

Zg parameters as one proceeds from nucleus to nucleus.

The z2

parameters associated with the B(E2) ratios involving the (2-j-O) and
(2-v2) transitions decrease as one proceeds from the low mass end of the
deformed mass region to the middle and then they begin to increase
again as one proceeds to the high mass end of the region.
Spin-parity selection rules would allow Ml admixtures in a
transition from a level of the K=2 or K=0 quadrupole vibrational band
to a level of the same spin, or to a level with a spin difference of
one omit, in the ground state rotational band.

However Ml components

are forbidden in the adiabatic model of Bohr and Mottelson"1*^. The
presence of Ml admixtures in these transitions would modify the experi
mental B(E2) ratios and thereby the band-mixing parameters, possibly
to the extent of producing a consistent set of parameters.
Mottelson"^ has noted that the theory could be modified to allow for
large Ml admixtures.

These facts prompted careful investigation of the
181*
multipolarities of transitions in
W in which Ml admixtures are
allowed by spin-parity selection rules.

The transition multipolarities

were investigated using conversion electron data gathered here and
Tg
gamma-gamma angular correlation results of Hubei et al.
and Krane

Table 7-5.

Comparison of experimentally obtained Zg values for several nuclei in the deformed mass region.
•a
All z2 values have been multiplied by a factor of 10 .
Nucleus

Jt

1

i± - i f ,

2+0

^

’

l68vr a)

68 r100

172 b)
70 102

19 (9)

75 (7)

50 (U)

28 (6)

2+ 2
2+ 4

110 (10)

19 (3)

28 (9)

2+ 0

93 (5)

29 (2)

28 (6)

3+2
3+ b

lb (b)

31 (5)

31 (3)

b+ 2
U -»• U

5U (5)

56 (6)

33 (2)

2+2

lb" n o

186„
760s110

188„
760s112

58 (36)

37 (6)

86 (9)

150 (30)

-79 (12)

6 (6)

< 33

16 (5)

1 53

l8?W
ci
7U 108

18U
7tj

2+ b

15 (8)
5 (11)

a) The Zo values for this nucleus taken from reference 69.
b}1 The Z2 values for this nucleus taken from reference 110.
c)
,
The Zg values for this nucleus taken from reference 96.

18 (5)

28 (3)

29 (10)

37 (5)

H b (25)

rrQ

et al.

. The Ml admixtures in transitions from the K=2 (gamma) hand

of

were all less than 1%.

In the K=0 (beta) band of

the

1010 keV (2-*2) transition was the only one which contained a
substantial Ml admixture (15$).

However this admixture was removed

before computing B(E2) ratios and Zq parameters and although it
reduced the dispersion of the Zq values, they still were not mutually
consistent.

Furthermore investigations of transistion multipolarities

in other even-even nuclei in the deformed mass region have produced
similar results as pointed out in a recent review by Hamilton112
The perturbative band-mixing approach accounts for departure in
adiabaticity by taking into account mixing of the ground state rota
tional band, the K=2 quadrupole (gamma) vibrational band, and the K=0
quadrupole (beta) vibrational band.

Its only real success is in the

center of the deformed mass region where the rotational levels of the
ground state rotational band are very low in energy and therefore well
separated from other types of nuclear excitations (vibrations and
intrinsic).

In this case it seems reasonable that the departures from

adiabaticity can indeed by taken into account by a perturbational
approach.

However as one moves from the middle of the region to the

high and low mass ends of the region, the energy differences between
levels of the ground state rotational band and other types of excita
tions are less and therefore one would expect the interaction between
the different modes of nuclear excitations to become greater so that
a perturbational treatment would not be appropriate.

Therefore, while

phenomenological approaches to nuclear theory have been rewarding
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qualitatively, it seems that the complexity of the level schemes in
most nuclei in the deformed mass region is such that a microscopic
description is needed to obtain results which agree quantitatively
with experimental findings.
The major effort in this investigation was directed toward the
•i Q j j

investigation of the

*i Q J ,

W level scheme from the decay of

investigation of the level scheme of

Re.

The

1flfl

singles gamma-ray spectroscopy on the

Os was conducted solely via

lAft

°Re decay.

The nature of

several of the higher energy excitations in ^®®0s were not resolved
from this study.

It is felt that gamma-gamma angular correlations

and gamma-gamma coincidence experiments, using large volume Ge(Li)
T A ft

detectors, with the isotopes

*1 o p

Ir and

Re, as well as conversion

electron data from these isotopes would be helpful in determining the
true nature of these levels.
At the conclusion of this dissertation this author must comment
that although nuclei can be grouped into general classes, each nucleus
is in essence "an individual" with its own peculiarities and any truly
successful nuclear theory must recognize this fact.
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